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Abstract

Macrophage migration inhibitory factor (MIF) is a key pro-inflammatory cytokine
involved in both innate and adaptive immune responses. Specifically, MIF has been
implicated in being involved in numerous biological processes including p53
dependent apoptosis and T cell activation. MIF also exhibits two enzymatic
properties: tautomerase and oxidoreductase activities through which MIF biological
function is suspected to be mediated. Throughout the past 10 years, MIF homologues
have been identified in numerous parasitic species including Brugia, Leishmania,
Trichinella and Plasmodium. Indeed, identification of such homologues has led to the
suggestion of immunoregulatory roles for parasite MIFs. A single copy of the MIF
gene is found in the genome of the Apicomplexan parasite, Toxoplasma gondii.
Herein is documented the first report regarding characterisation of Toxoplasma gondii
macrophage migration inhibitory factor (TgMIF). TgMIF has 25% sequence identity
with human MIF and is expressed in both the tachyzoite and bradyzoite life cycle
stages. Despite lacking an N-terminal leader sequence for classical secretion, TgMIF
is a secreted protein which has a predicted molecular weight of 37.5kDa in its trimeric
form. TgMIF was cloned and recombinant C-terminal His tagged protein was
produced and used in biochemical assays to determine TgMIF catalytic activity.
TgMIF has a measurable tautomerase activity of 1476 pumoles/min/mg which is 81
and 91 fold less than that of human and mouse MIF respectively, yet comparable to
other parasite MIFs. In contrast to human MIF, TgMIF tautomerase activity was not
affected by the MIF inhibitor ISO-1. Oxidoreductase activity is minimal, an
observation that is consistent with the absence of a conserved cysteine residue that has
been shown in other homologues to be necessary for optimum activity. The crystal
structure of TgMIF has been determined at 1.82A resolution and has a trimeric ring
architecture similar to mammalian MIF.  Indeed, TgMIF structural analysis
highlighted substitutions in and around the tautomerase active site that would account
for the reduced tautomerase activity and the inability of 1SO-1 to inhibit this activity.
Recombinant endotoxin free TgMIF is capable of driving IL-8 production from
human peripheral blood mononuclear cells. Furthermore, TgMIF is capable of
inducing ERK-MAPK activation in murine bone marrow-derived macrophages whilst
having no significant effect on the expression of receptor molecules, CD74 and CD44.

Finally, stimulation of bone marrow-derived macrophages with TgMIF and LPS,
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results in an apparent down regulation of TLR4 mRNA levels. A role for TgMIF in
modulation of host immune responses, in order to create a favourable environment for

parasite survival is therefore suggested.
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Chapter 1

Introduction



1.0 Discovery of Toxoplasma gondii

Toxoplasma gondii was discovered in 1908 by Nicolle and Manceaux who initially
mistook this newly identified parasite for Leishmania. T. gondii was named so due to
its classical arc like shape (toxo = arc or bow) and its discovery within the tissue of
the small rodent gundi, Ctenodactylus gundi. Almost simultaneously, Splendore
(1908) also isolated T. gondii from the rabbit, although he did not go on to name this
species.  Since then, T. gondii has been described as a ubiquitous, obligate
intracellular protozoan parasite of the subphyla Apicomplexa. The definitive hosts,
not identified until 1969 by Hutchison (1965), are members of the family Felidae.
However, T. gondii has the capability of infecting almost any warm blooded animal
resulting in a huge reservoir of intermediate hosts including mammals and birds.
Infection in humans is relatively common worldwide and it has been estimated that

one third of the world’s population is chronically infected (Dubey, 1998a).

1.1 Epidemiology

T. gondii has developed into three prominent clonal lineages as discovered by studies
involving multilocus restriction fragment length polymorphisms (RFLP) at 6 different
loci in 106 T. gondii isolates (Howe and Sibley, 1995). These lineages are described
as type |, type 1l and type 111 (Howe and Sibley, 1995; Khan et al., 2005). Amongst
the lineages, only two alleles exist at each locus and consequently they differ
genetically by less than 1% (Su et al., 2003). Subsequently, it has been suggested that
at the origins of T. gondii evolution two gene pools produced the recombinant

progeny from which only a few strains have since become dominant worldwide.

Type | strains including RH, are the most virulent strains of T. gondii and are
associated with severe disease and have been shown to Kill laboratory mice within 16
days (Saeij et al., 2005). Barragan and Sibley, (2002) demonstrated in vitro, that type
| strains were significantly better at migrating across biological barriers in comparison
to type Il and 11l strains. The ability of the parasite to cross biological barriers such as
the gut epithelia and placenta is characteristic of a virulent strain and subsequently
type | strains have been linked with congenital toxoplasmosis (Fuentes et al., 2001).
Switaj et al., (2006) also suggested a role for type | strains in the development of
ocular toxoplasmosis (OT) in immunocompromised individuals. This is consistent

with a study in the USA where most immunocompetent individuals suffering from
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severe atypical OT were also found to be infected with type | organisms. However,
this is in contrast to the United Kingdom, where such forms of OT in
immunocompetent individuals are normally due to an infection with a type Il strain
similar to the ME49 laboratory strain and its derivatives (Saeij et al., 2005). The
findings of both of these studies are contrary to those reported by Grigg et al., (2001),
who found that type | or recombinant type I-1l1 strains are responsible for OT in
healthy individuals in USA.

In France, type Il strains have been linked with congenital toxoplasmosis (Ajzenberg
et al., 2002). However, this is in contrast to Spain where type | strains have been
linked with congenital infection (Fuentes et al., 2001). Therefore, it is difficult to
conclusively link a disease phenotype with a specific strain due to geographical
discrepancies. Despite type Il strains being associated with less severe infection, this
can often vary dependent on experimental animal models and route of infection. For
example, C57BL/6 mice are susceptible to oral infection with ME49 but resistant to
infection via intraperitoneal injection (McLeod et al., 1989). Finally, several studies
have shown that type Il strains do not influence any particular disease manifestation
or outcome (Ajzenberg et al., 2002, Costa et al., 1997, Howe and Sibley, 1995,
Boothroyd and Grigg, 2002).

Most of the literature to date states the existence of only three clonal lineages.
However, some authors propose the existence of a further two types: type IV and V.
This is a somewhat controversial and contradictory area of research at present,
however, it is proposed that types IV and V may in fact be recombinant strains of T.
gondii (Holland, 2004). Recombinant strains are formed by atypical allele
combinations and are normally exotic and found in African and South American

patients, who appear to have unusual disease manifestations (Saeij et al., 2005).



1.2 LIFE CYCLE

1.2.1 Enteroepithelial

The life cycle of T. gondii can be broken down into two stages: enteroepithelial and
extraintestinal (Figure 1.1 and Figure 1.2). The enteroepithelial stage is initiated in
the definitive host, when either an oocyst or tissue cyst is ingested. Of note, research
has shown that a bradyzoite induced cycle is more efficient than an oocyst induced
cycle, as nearly all cats secrete infective oocysts 3 to 10 days following bradyzoite
ingestion. This is in comparison to ingestion of oocysts or tachyzoites which result in
<30% of cats secreting oocysts (Dubey and Frenkel, 1976). Following ingestion,
oocysts or tissue cysts are digested by enzymes in the stomach and small intestine
with younger cysts being more susceptible to digestion by gastric juice (Dubey et al.,
1997). Sporozoites or bradyzoites are then released from the oocyst or tissue cyst
respectively, where they actively enter the epithelial cells of the intestine (Dubey,
1998a). Here they undergo developments over a 15 day period involving the
formation of schizonts from which merozoites are subsequently produced. From
these newly formed merozoites, both microgametes and macrogametes are formed in
the ileum by gametogenesis. Subsequently, the macrogamete is fertilised by the
microgamete which results in the formation of a tough cell wall. The fertilised
gamete then develops into a zygote before it transforms into an oocyst. The oocyst is
finally released from the wall of the intestine and is passed out in the faeces of the cat.
An infected cat can shed T. gondii in its faeces for a few weeks following infection,
although in this short time a large number of oocysts have been shown to be excreted.
These oocysts can then survive in moist soil for 18 months whilst remaining
infectious (Frenkel et al., 1975).  Additional studies have also demonstrated that
oocysts remain infective in water over a range of temperatures from -10°C to 25°C for
at least 106 days but up to 200 days (Dubey, 1998b).
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1.2.2 The extra-intestinal stage

The extra-intestinal stage of the life cycle, also known as the asexual cycle, is initiated
in an intermediate host following ingestion of an oocyst or tissue cyst. Sporozoites
are released from the ingested oocyst/tissue cyst and subsequently circulate
throughout the body via the bloodstream to various tissues such as the brain. Within
the colonised tissues, new host cells are invaded including macrophages and dendritic
cells (Aliberti and Bafica, 2005; Kravetz and Federman, 2005) where the parasite
undergoes endodyogeny to form tachyzoites, which are representative of the fast
dividing stage of infection. Tachyzoites are formed in the parasitophorous vacuole
(PV) as soon as 12 to 18 hours post infection and they are subsequently released
resulting in infection of neighbouring cells where the endodyogeny process continues
(Dubey, 1998a). Following this, tachyzoites undergo transformation into bradyzoites,
ultimately resulting in cyst formation (Black and Boothroyd, 2000; Kravetz and
Federman, 2005).

The interconversion process of tachyzoites to bradyzoites is important for the
establishment of a chronic infection and has been shown to be activated in stress
induced environments e.g. extreme pH (Soete et al., 1993). The process is also
dependent on heat shock proteins (HSP) as inhibition of HSP production, results in a
decrease in bradyzoite formation (Weiss et al., 1998). The interconversion process
can be monitored by specific markers such as bradyzoite antigen 1 (BAG1) and also
transcripts for enzymes such as lactate dehydrogenases (Yang et al., 1997) and P-type
ATPase (Holpert et al., 2001) which have been described at higher levels in
bradyzoites than tachyzoites. In addition, there are families of surface antigens (SAG)
that are differentially expressed in tachyzoites and bradyzoites (Reviewed Lyons et al,
2002). Studies have also suggested that the interconversion process may require IFN-
v and TNF-a (Lyons et al., 2002). Furthermore, most recently, recombinant T. gondii
cyclophilin-18 (TgCyp18) has been shown to induce production of NO, IL-12, IL-6,
IFN-y and TNF-a via binding to cysteine-cysteine chemokine receptor 5 (CCR). This
corresponded with a decrease in parasite proliferation and an increase in bradyzoite
formation (Ibrahim et al., 2009). However, recent studies have reported spontaneous

conversion of tachyzoites to
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Figure 1.2 The extra intestinal stage of the T. gondii life cycle

The extra intestinal stage of the T. gondii life cycle occurs in an intermediate host upon
ingestion of oocysts from which sporozoites are released. Sporozoites then convert into
tachyzoites which disperse throughout the host, infecting new cells. In host cells, tachyzoites
undergo replication before egressing from the cell. Tachyzoites are then able to convert into
bradyzoites which are representative of the slow dividing stage of infection and are

associated with tissue cyst formation.



bradyzoites in vitro in skeletal muscle cells (Reviewed Ferreira da Silva et al., 2009)
i.e. in the absence of stress triggering mediators. This has prompted suggestion that

host cell type is an important factor in cases of spontaneous conversion.

Upon conversion of tachyzoites to bradyzoites, tissue cysts are formed. Tissue cysts
are predominantly found in the neural and muscular tissues of the CNS, eye, skeletal
and cardiac muscles (Dubey and Frenkel, 1976, Reviewed Tenter et al., 2000). Cyst
formation allows the parasite to exist within the host for many years, probably life
long, in a state whereby the host remains infected, but is without overt illness (Aliberti
and Bafica, 2005). Despite being essential for chronic infection, cyst formation
occurs 2-3 days following parenteral infection with tachyzoites or 5-6 days following
infection with bradyzoites (Dubey and Frenkel, 1976, Dubey 1997). However it is
believed that the periodic rupture of tissue cysts facilitates the release of bradyzoites
which are converted to tachyzoites that can reinvade new host cells and ultimately
convert back into bradyzoites. This process not only reinforces an existing immune
response, maintaining protective immunity, but it also maintains persistence of cysts

throughout the hosts lifetime.

Finally, ingestion of tissue cysts results in the release of bradyzoites which can infect
the intestinal epithelium of the next host. This initiates the asexual cycle in the

intermediate host or the sexual cycle in felids.

1.3 TRANSMISSION
In order to maintain the life cycle, T. gondii must be successfully transmitted from
definitive to intermediate host, intermediate to definitive host and finally between

both definitive and intermediate hosts (Figure 1.3).

A common source of T. gondii infection is via the consumption of undercooked meats
(Weinman and Chandler, 1954). Animals bred for consumption may become infected
from an environmental source and subsequently infection can be passed from cattle to
humans if the meat source is undercooked prior to consumption (Afonso, Thulliez and
Gilot-Fromont, 2006). In the U.S.A. there is an estimated 225,000 reported cases of
toxoplasmosis every year, resulting ultimately in 750 deaths. Consequently, infection

with T. gondii is the third most common fatal food borne illness (Mead et al., 1999).
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Despite original studies highlighting Toxoplasma transmission via the consumption of
undercooked foods (Desmonts et al., 1965) this route of transmission could not
account for the large number of infections in vegetarians (Jacobs et al., 1963).
Tachyzoites have been found in the milk of sheep, goats and cows (Jackson and
Hutchison, 1989, Evans, 1992, Teneter et al., 2000) however, transmission via
consumption of these products has so far remained unproven with the exception of
unpasteurised goats milk. Furthermore, consumption of contaminated drinking water
can result in infection as observed by periodic outbreaks of Toxoplasmosis (Benenson
etal., 1982).

Isolation of viable parasites from the faeces of cats led to the discovery of faecal-oral
transmission of T. gondii (Hutchison, 1965). Accidental contamination of food or
drinks with infected faecal material as a result of poor hygiene, can result in parasite
transmission via the faecal-oral route with a period lasting between 5 and 20 days
following infection normally elapsing before symptoms are displayed (Jones et al.,
2003).

Finally, T. gondii can be transmitted vertically from mother to child during
pregnancy. The first case of congenital toxoplasmosis was confirmed in a new born
girl in New York, by Wolf et al., (1939) when the infant showed symptoms of
convulsive seizures and lesions in the eyes. Following the death of the child at 1
month, the presence of both intracellular and extracellular T. gondii tachyzoites were
confirmed. Since then, research has shown that acute infection of a mother during
pregnancy can result in the parasite being able to cross the placenta and establish
congenital infection (Reviewed Jones et al., 2003). The mechanism by which this
vertical transmission occurs is not yet fully understood. However, it is generally
believed tachyzoites replicate and disseminate into the foetal circulation (Remington
etal., 1990).



— Horizontal transmission via oocysts
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Figure 1.3: Transmission of T. gondii

Toxoplasma can be transmitted from cats to humans following accidental ingestion of
infective oocysts in cat faeces. T. gondii can be transmitted from other intermediate
hosts to humans via the consumption of undercooked meats in which tissue cysts may
not have been successfully destroyed. Vertical transmission is possible from mother

to foetus in both the intermediate host and definitive host.
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1.4 Disease Manifestations

1.4.1 Immunocompetent Individuals

In  immunocompetent individuals, toxoplasmosis is generally chronic and
asymptomatic and as a result, goes largely undiagnosed. Occasionally non specific
flu like symptoms persist in infected individuals such as muscle aches and pains, fever
and malaise (Lu et al., 2004). However, normally infection is self limiting and does

not require treatment (Rorman et al., 2006).

1.4.2 Immunocompromised Individuals

In immunocompromised patients such as HIV patients, infection with T. gondii is
relatively common with 18-25% of AIDS patients in the US suffering from
toxoplasmic infection at some point throughout their illness (Kasper and Gatel, 1998).
Infection with T. gondii can be life threatening to HIV patients, often with the
development of severe disease manifestations involving the central nervous system
(CNS). Lesions are often formed in the brain resulting in the development of
toxoplasmic encephalitis (TE) which is often fatal, if not treated, in these patients
(Wijdicks et al., 1991). Fatality is usually caused by reactivation of a latent infection
whereby bradyzoites convert into rapidly dividing tachyzoites whose growth cannot
be controlled (Bertoli et al., 1995, Luft and Remington, 1992). Such events cause the
pathological changes associated with TE (Kasper and Gatel, 1998).

Immunosuppressed transplant patients are also at risk of severe T. gondii infection
from reactivation of a latent infection as well as the possible introduction of a new T.
gondii strain from the transplanted organ. The suppressed immune response in these
individuals usually struggles to overcome infection and consequently severe infection

can result (Rorman et al., 2006).

Congenital Toxoplasmosis

Congenital toxoplasmosis is caused by the vertical transmission of the parasite from a
seronegative mother who becomes acutely infected with T. gondii during pregnancy.
Infection before pregnancy is highly unlikely to result in congenital transmission.
The occurrence of congenital toxoplasmosis varies greatly worldwide. For example,
in France there are 4900 cases of primary Toxoplasma infection in pregnant women

every year (Baril et al., 1999) whilst in the UK there is infection in approximately 10
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neonates per 10,000 women (Allain et al., 1998). As a result, screening of pregnant
women for infection is routine in France and Austria but not in the U.S.A and U.K.

where prevalence is lower (Reviewed Kravetz and Federman, 2005).

The time at which the expectant mother becomes infected during pregnancy is critical
to the outcome of infection (Dawson et al, 2005). Infection in the first trimester can
result in abortion, mental retardation or hydrocephalus of the foetus whereas infection
in the third trimester results in less severe or asymptomatic infection of the foetus and
a low risk of abortion (Nimni et al., 2004). It has been suggested that abortion, most
frequently observed in the first trimester, is mediated by a Thl response induced by
the parasite that is incompatible with pregnancy. On the other hand, efficient
transmission observed in the third trimester is due to a pregnancy induced Th2
response which is incompatible with controlling parasite multiplication. Therefore,
the frequency of vertical transmission increases with progression of the gestation
period (Dunn et al., 1999). In any subsequent pregnancy of the same woman, the new
foetus is generally not at risk of infection.

Ocular Toxoplasmosis (OT)

OT can be either congenitally or post natally acquired in both immunocompetent and
immunosuppressed individuals (Vallochi et al., 2002; Lu et al., 2004). Some studies
would suggest that postnatal and congenital infections are influenced by geographical
location. For example, in Southern Brazil most cases of OT are postnatal whereas in
the United States the majority of cases are congenital (Vallochi et al., 2002). This
difference is most likely due to the atypical strains that are predominant in South

America (See chapter 1.1).

There are reported incidences of OT in apparently healthy people resulting in
inflammation of the retina and uveal tract which can account for up to 20% of
infected individuals (Vallochi et al., 2002; Lyons et al., 2001) and indeed active
retinochoroiditis accounts for 0.4 cases/ 100,000 of the population in London,
however, the number of cases of inactive retinochoroiditis is unknown (Gilbert et al.,
1995). Toxoplasmic retinochoroiditis usually presents at the posterior pole in a single

eye with the presence of lesions which can result in retinal scarring (Commodaro et
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al., 2009). Subsequently, T. gondii infection is the most common cause of infectious

retinochoroiditis in immunocompetent individuals.

OT can also be a consequence of congenital infection. Cases of OT can result in a
loss of both eye sight and hearing as well as other symptoms associated with
congenital infection (Montoya and Remington, 2008). Initially congenital infection
was believed to account for the majority of cases of OT in the UK (Perkins, 1973).
However, it is now known that most cases of OT in the UK are due to postnatal
infection (Holland, 1999, Gilbert and Stanford 2000), a pattern which is observed in

other countries such as Brazil (Glasner et al., 1992).

1.5 Treatment

Treatment for OT has remained consistent for many years and is somewhat limited to
the same standard anti-parasitic drugs: pyrimethamine and sulphonamides (Rothova et
al., 1998). Classically, both pyrimethamine and sulphadiazine can be given in
combination with corticosteroids to ease inflammation of the retina and other tissues
of the eye ( Rothova et al., 1998, Montoya and Liesenfeld, 2004). However, a recent
report by Commodaro et al., (2009) indicates that combination therapies of
corticosteroids with pyrimethamine, sulphadiazine and clindamycin does not reduce
inflammatory activities. Therefore, patient response to antibiotic therapy in concert
with corticosteroids varies greatly which may be a result of the hosts immune
response (Vallochi et al., 2002).

Antenatal treatment of congenital toxoplasmosis can be either with the administration
of spiramycin or pyrimethamine sulphadiazine. However, their effectiveness is often
debated in the literature. Ricci et al., (2003), demonstrated that mothers with
susceptible pregnancies who had not been treated with spiramycin or pyrimethamine,
are four times more likely to be at risk of giving birth to a child with congenital
toxoplasmosis than if the mother had been given drug treatment. As a result, all

pregnant women who are diagnosed with primary infection are given drug treatment.

For OT, treatment with a combination of both pyrimethamine and azithromycin
results in severe side effects and consequently a multidrug treatment is considered the

only acceptable treatment. However, many of these drugs are toxic with unpleasant
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side effects and consequently there is an ongoing search for newer and more effective
anti- toxoplasmic drugs (Black and Boothroyd, 2000). Prime candidates include the
azalide antibiotics. Azalide antibiotics are unable to prevent recurrent events of
toxoplasmosis, analogous to standard therapies, but crucially it is a non-toxic
antibiotic which could have implications in administration to those individuals unable

to tolerate standard drugs (Rothova et al., 1998).

1.6 The Immune Response

The immune response to T. gondii infection is complicated and circumstantial.
Indeed, differences are observed in response to infection which are dependent on
parasite strain, route of infection and animal model studied or even tissue dependent
therein. However, there are several common themes in immunity to T. gondii and

these are discussed below (Figure 1.4).

1.6.1 Protective Immunity

A protective adaptive immune response develops rapidly in an immunocompetent
host following infection with T. gondii. Consequently, any re-infection of this
individual should be resolved quickly by the immune system. Maintenance of
protective immunity is believed to be associated with the periodic ruptures of cysts
releasing bradyzoites which consequently stimulates the expansion of the effector
immune response as well as maintenance of memory T cells (Subauste and
Remington, 1993).

1.6.2 Cellular Mediated Immunity (CMI)
IL-12 and IFN-y are essential mediators of resistance to T. gondii infection

Infection with T. gondii results in the release of pro-inflammatory cytokines such as
IL-12 and IL-6. In particular, the release of IL-12 from macrophages, dendritic cells
(DC) and neutrophils (Gazzinelli et al., 1993b, Reis e Sousa, 1997, Bliss et al., 1999)
has been shown to activate Natural Killer cells (NK cells) to produce IFN-y (Kelly et
al., 1989). IL-12 is composed of two subunits, p35 and p40, and is essential for
optimal IFN-y production (Gazzinelli et al., 1994). The production of IL-12 is
initiated following Toxoplasma engagement of CCR5 (Aliberti et al., 2000), TLR-2
(Mun et al., 2003) or TLR-11 (Yarovinsky et al., 2005) which then triggers signalling
pathways through MYD88.  Consequently both CCR5” and MyD88” mice have
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significantly reduced levels of IL-12 and increased susceptibility to infection (Aliberti
et al., 2000, Scanga et al., 2002). Furthermore, neutralisation of IL-12 results in

increased susceptibility to T. gondii infection (Gazzinelli et al., 1994).

The importance of T cell activity in T. gondii infection was highlighted in the 70’s
and 80’s when an increase in the number of transplant, cancer and AIDS patients
resulted in an increase in overt toxoplasmosis in these individuals. In particular, it
was observed that reactivation of a previous infection in AIDS patients could lead to
TE (Horowitz et al., 1983, Pitchenik et al., 1983). These observations, in addition to
experiments whereby the deletion of CD4" and CD8" from mice infected with T.
gondii resulted in TE, provided evidence for the importance of these cells in immunity
(Denkers and Gazzinelli, 1998). CD4" T cells are responsible for the production of
pro and anti-inflammatory cytokines, and consequently they are essential for a
successful immune response to overcome infection. The importance of CD4" T cells
was further emphasised by one study which showed that the development of
resistance to T. gondii was mediated by CD4" T cells (Araujo, 1991). Indeed, a direct
protective role is observed via CD4" T cells although, some studies have reported an
immunopathological role for these cells. For example, CD4" cells have been
implicated in being involved in initiating an inflammatory response which exacerbates
tissue inflammation in both the eye and the brain during T. gondii infection (Israelski
etal., 1989, Lu et al., 2004).

Therefore, T cells were shown to produce IFN-y, in a IL-12 dependent manner, to
activate macrophages to produce reactive oxygen intermediates (ROI) (Nathan et al.,
1983) with IL-12 being required to drive CD4" and CD8" cell proliferation (Reis e
Sousa et al., 1997). However, cell transfer studies in nude mice highlighted the
importance of CD8" T cells in controlling T. gondii replication (Parker et al., 1991).
Indeed, primary immunity against T. gondii can be further mediated by CD8" cells
producing IFN-y. Activation of CD8" cells by Th1 cells secreting IL-2, results in
cytotoxic activity against tachyzoites and host cells infected with intracellular T.
gondii (Fux et al., 2003). However, CD8" T cell immunity can be induced but not
maintained in mice lacking CD4" T cells (Casciotti et al., 2002). Therefore, overall it
is the general consensus that the actions of both CD4" and CD8" cells in concert are

required for successful resolution of infection and that the continued production of
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IFN-y from both cell types is necessary for maintenance of resistance (Gazzinelli et

al., 1991).

T. gondii was first shown to induce the production of IFN-y by Freshman et al., in
1966 and since then the critical role of IFN-y in response to T. gondii infection has
been well characterised. Indeed early reports identified IFN-y as an important
mediator of protection during infection (Suzuki et al., 1988, Suzuki et al., 1989) and
furthermore IFN-y knock out mice could not survive the acute stages of infection
(Scharton-Kersten et al., 1996). Subsequently, antibody studies also showed IFN-y to
be required for survival in both acute and chronic stages of infection (Gazzinelli et al.,
1992a).  Production of IFN- y by NK cells is dependent on the production and
secretion of IL-12 and TNF-a from activated macrophages and on signalling
pathways such as STAT1 and STAT4 ( Filisetti and Candolfi, 2004, Nagineni and
Hooks, 2002). IFN-y produced by NK cells in synergy with endogenous TNF-a
activates macrophages and induces an increase in phagocytosis of tachyzoites (Sher et
al., 1993). Studies elsewhere have also demonstrated that neutralisation of IFN- y and
TNF-a, results in reactivation of disease from a previous infection confirming their
importance in mediating resistance (Gazzinelli et al., 1993a, Gazzinelli et al., 1996)

and in the production of toxic free radicals and nitric oxide (NO).

1.6.3 The role of innate immune cells in T. gondii infection
Macrophages

The importance of the macrophage in T. gondii infection was first highlighted in
1972, when Remington et al., demonstrated that macrophages were required to
control infection. In particular, the production of NO from macrophages following
stimulation with IFN-y can directly kill tachyzoites by inhibiting mitochondrial and
nuclear enzymes (Brunet et al., 2001). High concentrations of NO are produced by
the conversion of L-arginine to citrulline by iNOS in the presence of IFN-y, TNF-a or
IL-18. However, the role for NO during infection is not clear cut. During acute
infection, NO production can be detrimental to the host with immune pathology being
observed in mice (Khan et al., 1997). However, as NO has been described as a
mediator in the stage conversion of tachyzoites to bradyzoites, NO may also be
regarded in chronic infection as a factor which keeps the parasite dormant (Bohne et
al., 1994). In addition, the effect of NO production in different strains of mice is
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apparent whereby C57/BL6 mice have a requirement for NO and BALB/c mice do
not (Schluter et al., 1999). Furthermore, NO modulates IFN-y production in T. gondii
infected C57/BL6 mice, however, this protective effect is not observed in the resistant
BALB/c mice (Kang et al., 2004).

Activated macrophages also produce anti-microbial ROI upon stimulation with IFN-y.
A variety of ROI are produced including hydrogen peroxide and the superoxide
radical. Indeed, the superoxide anion can react with NO to form peroxynitrite which
can disrupt cell membranes (Brunet et al., 2001). However, the role of ROI in
controlling infection is debated as early studies in human macrophages showed T.
gondii was susceptible to ROl (Murray et al., 1985), whereas the opposite was
observed in murine macrophages (Chang and Pechere, 1989).

In addition to the production of NO, ROI and cytokines, macrophages can also clear
parasitic infection by autophagy. Tachyzoites usually reside in a PV which is
resistant to fusion of lysosomes, although, invasion of an activated macrophage can
result in autophagosomal parasite elimination (Yap et al., 2007). In mice, this process
can be mediated via IFN-y induced GTPases which degrade the PV (Taylor et al.,
2000, Martens et al., 2005), although there is currently no evidence of IFN-y induced
GTPases in humans.

Neutrophils
Neutrophils are present in the bloodstream where they circulate for a few hours upon

release from the bone marrow, after which point they die. Successful resolution of
infection relies on the rapid migration of neutrophils to the site of T. gondii infection
where they function to phagocytose invading pathogens (Bliss et al., 2000). They
have granules containing microbiocidal molecules e.g. ROl and enzymes and they are
also a source of pro-inflammatory cytokines such as IL-12, TNF-a and macrophage
inflammatory protein la (MIP-1a) and MIP-1f (Denkers et al., 2004, Reviewed
Filisetti and Candolfi, 2004) with MIP-1a and MIP-1p serving as mediators which
recruit T cells, monocytes, macrophages and immature DCs. Generally, granulocytes
produce cytokines in low concentrations. However, due to the large number of
neutrophils in the circulation and the speed at which they migrate to the site of

infection, the importance of neutrophils in mediating the immune response in early T.
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gondii infection is clearly evident. Denkers et al., (2004), have shown that the
deletion of neutrophils and other polymorphonucleocytes early in T. gondii infection,
results in mice succumbing to infection. However, removal of neutrophils later in
infection has no consequence on disease outcome (Bliss et al., 2000). Furthermore,
an influx of neutrophils to the site of infection has been shown to be dependent of
CXCR2 and CCR1 (Del Rio et al., 2001, Khan et al., 2001), both of which are high
affinity receptors for IL-8 in humans and MIP-2a in mice (Lee et al., 1995). In
addition, neutrophil development and recruitment is dependent on IL-17 as IL-17"
mice have higher parasite burdens and reduced neutrophil recruitment. Indeed,
neutrophil induction during acute infection has been shown to be dependent on IL-17
signalling whereby defective signalling results in mice succumbing to acute infection
(Kelly et al., 2005).

Dendritic Cells
The inflammatory response initiated following infection is further regulated by DC

during T. gondii infection. DCs migrate to the site of infection following a chemokine
signal secreted by neutrophils where they acquire foreign antigen. DCs then migrate
to the spleen where they accumulate in T cell dense areas to present antigen to T cells.
Such activity results in the promotion of a type-1 response driven by the production of
IL-12 (Reis e Sousa et al., 1997, Gubbels et al., 2005). Subsequently, DCs are a
major source of I1L-12 although secretion is dependent upon two signals; microbial
stimuli and CD40 — CD40L interaction (Seguin and Kasper 1999). This is a tightly
controlled mechanism to the extent DCs have the ability to differentiate between
living and dead tachyzoites. Subauste and Wessendarp (2000) demonstrated that only
living tachyzoites induce up regulation of CD40 and IL-12 synthesis from DCs, which
can subsequently initiate T cell IFN-y release. Furthermore, DC produced 1L-12 is
required for protection from parasite reactivation in chronic infection (Yap et al.,
2000) and consequently DC IL-12 production has since been shown to be essential for
resistance during in vivo infection. The production of IL-12 by DC is driven via TLR
signalling which leads to activation of MyD88 whereby MyD88” mice have a
significant reduction in IL-12 production upon challenge with T. gondii (Scanga et
al., 2002).
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Recently, studies have reported exploitation of DCs by T. gondii in order to facilitate
parasite dissemination. Currently, the precise mechanisms by which T. gondii
successfully disseminates throughout the body are unknown. Indeed, in mice infected
orally with T. gondii, tachyzoites can be found in the spleen and liver only a few
hours after infection (Dubey, 1998a). Since then, evidence has suggested that DCs
serve as a vehicle for parasite dissemination. T. gondii infected human monocyte
derived DCs and murine bone marrow derived DCs have greater hypermotility
compared with uninfected DCs which may potentiate dissemination (Lambert et al.,
2006). Subsequent studies have also suggested that in doing this, T. gondii may also
suppress the DC IL-12 producing function (Bierly et al., 2008).

1.6.3 Regulatory mechanisms in controlling responses to T. gondii
infection

A balance is required between protective immunity provided by pro-inflammatory
responses and immune pathology which can result from an excessive inflammatory
environment. IL-10 is an important regulatory cytokine which is produced by DCs,
macrophages and type 2 T cells and regulatory T cells (Moore et al., 2001, Levings et
al., 2002). Despite historically being described as an inhibitor of type-1 responses,
more recently an inhibitory role for IL-10 in type-2, T regulatory and Th17 responses
has been described (Moore et al.,, 2001, Reviewed Lieberman and Hunter, 2002,
O’Garra and Vieira 2007). Furthermore, IL-10 also can inhibit the production of
cytokines such as TNF-a and IL-12 from accessory cells which are required for
optimal production of IFN-y from T cells and NK cells, which consequently results in
a decrease in IFN-y (Fiorentino et al.,1991, reviewed Moore et al.,1993). However,
early experiments indicated that I1L-10 antagonised IFN-y primed macrophages to kill
intracellular tachyzoites (Gazzinelli et al., 1992b). Reports have also suggested that
IL-10 can also exert its regulatory function by down regulating MHC and co
stimulatory molecules on macrophages whilst also influencing macrophage effector
function by down regulating NO production (Gazzinelli et al.,1992b). Indeed, the
regulatory role of IL-10 is underlined in experiments which have shown that IL-10
deficient mice die during acute infection due to excessive IL-12 and IFN-y production
(Gazzinelli et al., 1996). However, the source of IL-10 is poorly understood. Some
studies have reported the production of IL-10 from peritoneal macrophages in

response to the virulent RH (Bliss et al., 2000), whereas others have documented that
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B-2 type B cells are a source of IL-10 (Mun et al., 2003). However, the most
important source of immunoregulatory 1L-10 is believed to be CD4" T cells (Roers et
al., 2004). Unexpectantly, IFN-y secreting Tbet"FoxP3™ Th1 cells are also major
producers of IL-10. These cells are subsequently capable of exerting potent anti
parasitic effector functions whilst suppressing IL-12 production from APC. This
suggests that IL-10 production may not involve a distinct regulatory T cell subset
(Jankovic et al., 2007). However, in the chronic stages of infection when the
production of IFN-y is necessary to prevent reactivation of previous infection, very
little is known of the exact role of IL-10. This is a somewhat controversial area as
Deckert-Schluter et al., (1997) reported that IL-10 caused increased parasite burdens
in the brain whereas more recently Wilson et al., (2005) demonstrated that a presence
or absence of IL-10 did not affect parasite burdens in the CNS.

A regulatory role for IL-27 has also been described. [L-27 shares sequence and
structure similarity to IL-12 and has the ability to enhance IFN-y production, with
initial studies indicating a role for this cytokine in Thl responses (Trinchieri et al.,
2003). However, one study demonstrated that IFN-y production by CD4" and CD8"
cells in IL-27R™ mice remained unchanged one week following infection, which led
to the suggestion that 1L-27 may influence Th1 polarisation in situations where IL-12
is limiting, but when in abundance, as in T. gondii infection, IL-27 is
immunosuppressive (Villarino et al., 2003). Other studies have demonstrated that IL-
27 mediates negative regulation of Thl polarised responses by inhibiting the
production of IL-2, a potent T cell growth factor. (Villarino et al., 2006). This data
led to the conclusion that in cases of acute T. gondii infection, the ability of IL-27 to
direct Thl responses becomes secondary to the negative regulatory role of IL-27 in
suppressing T cell functions (Hunter et al., 2004). In addition to a role for IL-27 in
type-1 responses, other studies have described anti-inflammatory properties of 1L-27
type-2 and Th 17 responses (Rosas et al., 2006, Artis et al., 2004, Batten et al., 2006).
Indeed, a recent study by Stumhofer et al., (2006) highlighted the ability of IL-27 as a
suppressor of Th17 differentiation of naive CD4" T cells, in response to Toxoplasma
antigens. Expansion of Th17 cells occurs in the presence of TGF-B, IL-6 and IL-23
which promote pro-inflammatory, anti-microbial activity by secretion of cytokines
such as IL-17. As discussed previously, IL-17 is an important mediator for neutrophil

development and therefore an important role for this cytokine has been outlined
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during T. gondii infection. Therefore, taking into account the suppressive effects of
IL-27 on Th17 cells, a role for IL-27 in regulating T cell responses, similar to those of
IL-10 and TGF-p, has been suggested with particular attention being focused on Th17
responses (Reviewed Gaddi and Yap, 2007).

1.6.4 Humoral Immune Response

Antibodies play a minor role in the immune response against T. gondii infection in
comparison to elements of CMI. The humoral immune response to T. gondii is
characteristic of that expected by invasion of any pathogen in that IgM is produced in
the first 7 days following infection. The structure of IgM makes it a good
complement activator and can undertake agglutination of parasites as well as being
cytotoxic. Indeed, a study involving IgM™ mice demonstrated an important role for
IgM in acute T. gondii infection. In particular, parasite specific IgM was shown to
limit T. gondii dissemination (Couper et al., 2005). However, susceptible C57/BL6
mice have reduced levels of IgM 7 days post infection than resistant A/J mice
(M°Leod et al., 1989). Following IgM secretion, IgG is produced; primarily 1gG1,G2
and G3, which are capable of antibody dependent cytotoxicity (ADCC) and can also
confer protection to an unborn foetus as these immunoglobulins of the IgG lineage are

transplacental (Nimni et al., 2004).

Furthermore, the ability of the parasite to enter host cells in less than 30 seconds
(Sibley and Andrews, 2000) makes them less vulnerable to the actions of antibodies.
However, during the blood stages of the parasite life cycle, antibodies provide short
term protection against infection (Reviewed Filisetti and Candolfi, 2004). In addition,
several studies have indicated an important role for the production of parasite specific
antibodies by B cells in persistent infection of tachyzoites in mice (Kang et al., 2000,
Sayles et al., 2000).
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Figure 1.4: The immune response to T. gondii infection

Following infection with T.gondii, elements of both the innate and adaptive immune responses act to
control infection. In brief, the production of IL-12 by cells such as neutrophils, dendritic cells,
macrophages and CD4" (Th1) cells is required to activate NK cells and CD4" and CD8" T cells to
produce IFN-y. IFN-y can activate macrophages, in association with TNF-o, to produce reactive
oxygen intermediates (ROI) and nitric oxide (NO), which are associated with parasite killing. This
pro-inflammatory response is regulated by cytokines such as TGF-$, IL-10 and IL-27 by CD4" (Th2)
cells and T regulatory cells.  Regulation of the pro-inflammatory response is required to prevent

immune pathology which is often associated with an over exuberant Thl response.
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1.7 Establishment of T. gondii infection

T. gondii is an intracellular parasite which similar to other Apicomplexans, migrates
to and from tissues and invades cells by a process known as gliding motility (Keeley
and Soldati, 2004, Sibley, 2004). This process involves the interaction of actin
filaments with myosin and gliding associated proteins which forms a connection with
the parasite’s inner membrane complex (Gaskins et al., 2004). The actin then forms
a connection with aldolase which promotes the connection of this motor structure to
transmembrane proteins across the plasma membrane (Jewett and Sibley, 2003).
Following this engagement, transmembrane adhesins are then released in a
unidirectional fashion from the apical end of the parasite with forward movement
being supported by actin microfilaments (Reviewed Carruthers and Boothroyd, 2007).
Following detection of a new target cell, contact must be made between the parasite
and cell for successful invasion. Studies to date have indicated that out of the many
different proteins which coat the T. gondii surface, 6 may be implicated in the
attachment and invasion process. These are surface antigen SAG proteins 1-3 and
SAG related sequences 1-3 (Lekutis et al., 2001). The importance of these proteins
was determined using gene knock out and antibody inhibition studies. In one
example, SAG3-deficient parasites had a 50% reduction in attachment (Dzierszinski
et al., 2000). Consequently, the first interactions between Toxoplasma and the host
cell are a result of a series of low affinity interactions between SAG proteins and the
host cell membrane. However, attachment of the apical end of the parasite to the host
cell is mediated via microneme proteins which are secreted from the apical end in a
calcium-dependent manner (Carruthers et al., 1999). Deletion of selected microneme
genes results in a reduction in efficiency of the invasion process (Huynh et al., 2004,
Cerede et al., 2005) whilst simultaneous deletion of two MIC proteins results in a
decrease in lethality of infection (Cerede et al., 2005). The final stage in attachment
involves another microneme protein called apical membrane antigen (AMA1) which
forms a connection with rhoptry neck proteins to form a moving junction (MJ)
(Alexander et al., 2005, Lebrun et al., 2005). The MJ is a small ring like structure
which forms a close binding surface with the host cell. As the parasite invades the
host cell, the MJ moves from the front to the back of the parasite with some reports
indicating a sieve like function for the MJ which acts to exclude some host and
parasite proteins (Charron et al., 2004). Upon entry to the cell, the parasite then

forms a PV (Suss-Toby et al., 1996). The PV membrane consists primarily of
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invaginated host membrane which over a period of time becomes pinched off.
Subsequently, the composition of the PV becomes a mixture of extracellular medium
and vacuolar space. Ultimately the invasion process has no effect on host cell
integrity. The PV is resistant from fusion with host cell endosomes and lysosomes.
However, Zhao et al., (2009) have reported that, in mice, the PV can be ruptured by
host interferon inducible immunity related GTPases, which results in parasite death.
Despite this, during the normal course of infection, tachyzoites reside in the PV where
they replicate before egress from the cell. Parasite egress can be via the action of
Toxoplasma perforin like protein 1 which aids pore formation (Kafsack et al., 2009)
or alternatively by mechanical rupture of the host cell as studies have shown that
blocking parasite motility does not prevent parasite exit from the cell (Lavine and
Arrizabalaga, 2008).

1.8 T. gondii cell biology and protein secretion

T. gondii is often considered the model organism for studies on the Apicomplexa due
to the ease at which it can be cultured and genetically modified (Roos et al., 1994). In
addition, the polarised organisation of T. gondii secretory organelles make it a
desirable organism for studying secretory processes within the Apicomplexa (Hager et
al., 1999). Broadly speaking, the endoplasmic reticulum (ER) is concentrated
posterior to the nucleus in T. gondii, which is in contrast to mammalian cells, where
the ER is distributed throughout the cell. The golgi apparatus is found anterior to the
nucleus and consequently, T. gondii is one of the few eukaryotes which use the
nuclear envelope as an intermediate between the ER and golgi (Rossanese et al.,
1999). Analysis of the T. gondii genome and EST databases have shown COPI and
COPII coat components (Ajioka et al., 1998) and subsequently a role for these
proteins in the transport process of secretory proteins from the ER to golgi has been
suggested. Typically, from the golgi, proteins are transported in clathrin coated
vesicles from the trans golgi stack to one of three specialised secretory organelles
associated with Apicomplexa. Alternatively, those proteins destined for the parasite
surface are delivered by an unusual route apparently involving GPI anchors as

targeting motifs (Karsten et al., 1998).

As found in all Apicomplexan parasites, T. gondii has three distinct sercetory

organelles: micronemes, rhoptries and dense granules. These specialised organelles

24



function in a sequential fashion with micronemes being triggered first to initiate host
cell penetration followed by rhoptry secretion which is essential for parasite survival
in the host cell. Although dense granule proteins are constitutively expressed, they
are required for the maintenance and intracellular replication of the parasite
(Carrurthers and Sibley 1997). Collectively, these organelles work together to

maintain parasitic function and survival.

A schematic of the T. gondii tachyzoite cell biology is shown in Figure 1.5.

1.8.1 Dense Granules

Dense granules are distributed throughout the cell and are largely indistinguishable
from secretory granules present in other cell types and their secretion is both
constitutive and calcium independent (Karsten et al., 1998). The dense granules are
considered to be the default pathway for all soluble proteins (Karsten et al., 1998).
Therefore dense granule proteins are signal independent and even proteins destined
for other secretory organelles are automatically routed to the dense granules following
the deletion of targeting signal sequences (Striepen et al., 1998, Reiss et al., 2001). To
date, 13 GRA proteins have been identified including 9 specific GRA proteins, 2
nucleoside triphosphate hydrogenases and 2 protease inhibitors. GRA proteins are
relatively small, ranging from 21-41KDa and posses little homology with any other
protein of known function (Braun et al., 2008). Typically, dense granules fuse with
the plasma membrane and constitutively release their contents into the PV (Karsten et
al., 1998). Upon secretion from the apical tip, dense granule proteins can either
become associated with the PV membrane or alternatively they can become integrated
into the tubular network. For example, GRA 2 in association with GRA 6 has been
shown to be involved in the formation of a membranous network (Mercier et al.,
2002).
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Figure 1.5: A diagrammatic representation of a T. gondii tachyzoite

The cell biology of the tachyzoite is shown above. The endoplasmic reticulum is primarily
concentrated to a position which is posterior to the nucleus, whereas, the golgi body is found
anterior to the nucleus. The organisation of secretory organelles is highly polarised in
Toxoplasma, with rhoptries and micronemes being located at the anterior end of the parasite

whereas dense granules are distributed throughout. Diagram based on Ajioka et al.,2001.
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1.8.2 Rhoptries

Rhoptries are distinct, acidified secretory organelles, of which there are approximately
8-12 per parasite (Ngo and Joiner, 2004). They are located in an anterior position in
the cell (Joiner and Roos, 2002) and are involved in the formation of the PV. To date,
over thirty major rhoptry proteins have been identified in T. gondii (Dlugonska,
2008). Targeting of rhoptry proteins is via multiple independent signals (Bradley and
Boothroyd, 2001). For example, members of the ROP2 family of proteins exhibit a
Y XX® motif within the cytoplasmic tail which when deleted or mutated results in the
exit of ROP2 from the trans-golgi network. Consequently, delivery of mutated
proteins to the mature rhoptries in T. gondii is significantly reduced (Hoppe et al.,
2000). It has been suggested that during routine targeting of rhoptry proteins, proteins
are transported as part of the endosomal pathway from the golgi apparatus to a
precursor compartment, prior to the final targeting of proteins to the rhoptries
(Robibaro et al., 2002).

Secretion of proteins from the rhoptries results in the formation of the parasitophorous
vacuole membrane (PVM), aiding parasite survival within the host cell by protecting
the parasite from the host endocytic pathways. In particular, ROP2 is secreted and
inserted into the PVM (Beckers et al., 1994). The high cholesterol content found in
rhoptries had initially suggested a role for these proteins in lipid bilayer stability.
However, this was quickly dismissed due to a high cholesterol/phospholipids ratio
(Foussard et al.,1991). As a result, cholesterol is thought to be a non essential
component of the PVM (Ngo and Joiner, 2004).

In addition to ROP proteins, the rhoptries also secrete proteins from the neck region;
these are rhoptry neck proteins (RON). RON4 was the first rhoptry neck protein to be
identified and a role for this protein in MJ formation was first described. Specifically,
RON4 forms an interaction with AMA1 whereby they both localize at the MJ during
invasion (Alexander et al., 2005, Leburn et al., 2005). Similarly, a role for RON2 in
the formation of the MJ as also been described (Boothroyd and Dubremetz, 2008).
Indeed, RON proteins are found in other Apicomplexa including Plasmodium, thus
suggesting an important biological role for these proteins in host cell invasion (Cao et
al., 2008).
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1.8.3 Micronemes

Micronemes, like rhoptries, are generally located at the anterior end of the cell and are
involved in host cell adhesion. Like rhoptry proteins, microneme (MIC) proteins can
possess multiple targeting domains (Striepen et al., 2001) and are involved in the
recognition and adhesion to a host cell. Secretion from the micronemes is initiated by
physiological triggers and indeed Ca®* mediated microneme secretion results in
motility and host cell penetration. MIC proteins also have escort roles whereby they
facilitate the targeting of other MIC proteins e.g. MIC6 escorts microneme proteins
MIC1 and MIC4 by forming a trimeric complex, whereby deletion of MIC6 prevents
targeting of MIC1 and MIC4 to the micronemes (Reiss et al., 2001). Many T. gondii
microneme proteins do not possess a transmembrane domain and YXX® motif,
however targeting to micronemes is thought to be via a tyrosine-dependent process
(Hoppe et al., 2000). For example, MIC2 is predicted to contain a transmembrane
domain with a cytoplasmic tail encoding tyrosine motifs, that are believed to play a

role in the sorting process (Di Cristina et al., 2000).

1.8.4 Apicoplast

The Apicoplast, a relict plastid, is one of the most unusual organelles found within T.
gondii and indeed other Apicomplexa. It was acquired via secondary endosymbiosis
and retention of a eukaryotic alga (Kohler et al., 1997) and subsequently this plastid
has become essential for T. gondii survival (Fichera and Roos, 1997; He et al., 2001)
with a suggested role in lipid metabolism (Waller et al., 1998). As demonstrated by
Waller et al., (1998), apicoplast proteins are generally synthesised on cytoplasmic
ribosomes and then post-translationally imported across the four membranes
encompassing the apicoplast, with further suggestion of an NH, signal sequence.
Therefore, proteins targeted to the apicoplast have an N terminal bipartite signal
which is composed of a classical secretory signal which facilitates entry to the ER and
secondly, a transit peptide to cross the inner membranes of the plastid (Waller et al.,
1998, Waller et al., 2000).
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1.9 T. gondii immune modulatory mechanisms

Many studies have detailed the ability of T. gondii to modulate host immune
responses in order to provide a favourable environment for parasite survival. One
such example was highlighted by Brenier-Pinchart et al., (2000) who demonstrated
the effects of T. gondii on host monocyte chemotactic protein (MCP). MCP is a CC
chemokine which attracts and activates monocytes/macrophages whilst also activating
arms of the CMI including CD4" and CD8" T cells. Fibroblasts were infected with
tachyzoites and subsequently, supernatants were analysed for MCP-1. Uninfected
control fibroblasts showed basal levels of MCP-1, however, an increase in MCP-1
was observed in tachyzoite infected fibroblasts. The authors suggested that the
upregulation of MCP-1 may contribute towards the recruitment of monocytes and
lymphocytes which ultimately control T. gondii infection. Nevertheless, infection of
fibroblasts with live tachyzoites did not alter expression of 1L-8 at the mRNA level 24
hours post infection. These results were similar to those of Friedland et al., (1993)
who demonstrated phagocytosis of T. gondii by THP-1 cells did not result in an
increase of IL-8 production from these cells up to 24 hours post infection. This
suggested the existence of parasite regulated mechanism which functioned to

minimise the possibility of host cell intracellular killing mechanisms.

A subsequent study by Denney et al., (1999) recorded an increase of both IL-8 and
MCP-1 between 24 and 48 hours post infection of Hela cells and fibroblasts. Of note,
IL-8 production was only observed when live tachyzoites were used in
experimentation.  Further studies have confirmed this finding whereby in vitro
stimulation of THP cells with T. gondii lysate for 24 hours, resulted in an increase of
IL-8 mMRNA levels from basal levels (Jung-Lee et al., 2008). Furthermore, co-
treatment of cells with lysate and LPS resulted in a reduction of IL-8 from cells which
had been stimulated with LPS alone but higher than I1L-8 levels from cells treated with
lysate alone. The authors suggest that these findings indicate a regulatory role being
undertaken by the parasite to prevent an uncontrolled pro-inflammatory response

which could ultimately lead to parasite elimination (Jung-Lee et al., 2008)

Other studies have investigated T. gondii mediated alteration of host cytokine profiles.
In one example, TNF-o expression from neutrophils following infection was

analysed. Neutrophils have preformed stores of TNF-a which are released from the
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cell surface. However, a cell bound form of TNF-a is also found on neutrophils,
which is produced following TLR-4 stimulation, suggesting a potential cell-cell
contact mediated mechanism of TNF-a action (Denney et al., 1999). Subsequently,
neutrophil stimulation with Toxoplasma lysate results in a reduction in TNF-a
production in comparison to expression levels from those uninfected cells following
TLR-4 activation. In addition, T. gondii tachyzoites have been shown in separate
studies to alter LPS induced cytokine expression of TNF-o and IL-12 (Lee et al.,
2006) with suppression of such mediators aiding parasite evasion of NO and
p47GTPase killing (Butcher et al., 2005)

T. gondii mediated modulation of host immune responses have been described in the
CNS where the maintenance of a chronic infection is reliant on IFN-y which activates
microglia to control parasite growth. However, a reduction in NO production is
observed from IFN-y driven microglia agent in the presence of infected astroctyes
(Rozenfeld et al., 2003). With NO being a potent anti-microbial, the benefits in
restricting production of this mediator are clear.

1.9.1 Specific T. gondii proteins with immune modulatory properties

More recent studies have identified specific T. gondii proteins for which immune
modulatory effects have been observed. Yarovinsky et al., (2005) showed T. gondii
profilin (TgPRF) was capable of inducing IL-12 production from DCs via activation
of TLR-11. Although TLR-11 is found in the human genome, a premature stop codon
in the coding sequence prevents protein expression. Despite this, TLR-11 is
expressed in mice and indeed, TgPRF is the only described ligand for TLR-11
(Reviewed Lauw et al., 2005). Subsequently, TgPRF has been aptly named as a
‘danger’ molecule i.e. one which alerts host immunity to the presence of a foreign
pathogen. Infection of mice with parasites that do not express TgPFR results in a
decrease in IL-12 production from splenic DC’s (Plattner et al., 2008). Indeed such
parasites are still capable of attaching to host cells, however, the invasion process is
significantly impaired. However, in order to validate the authenticity of these results
being a direct result of gene deletion or indeed the ability of such knock out parasites
to establish a sustained infection due to its inability to infect cells, the profilin gene of
P. falciparum was introduced to the knock out. This transfection conferred infectivity

of the knock out parasite whilst IL-12 levels remained low. However, the question
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remains as to why such a ‘danger molecule’ has not been selected against through
evolutionary selection from the T. gondii genome? Denkers and Striepen (2008)
propose that optimal survival of T. gondii may require IL-12 production following
TgPRF recognition as in the complete absence of IL-12 an environment favourable to
uncontrolled parasite growth would occur and subsequently this could lead to both

host and parasite demise.

Most recently, an immunomodulatory role was described for T. gondii cyclophilin 18
(TgCyp18). Previous studies have shown that TgCyp18 binding to CCR5 on DCs and
macrophages upregulates I1L-12 dependent production of IFN-y (Aliberti et al., 2003,
Cai et al., 2000). This ability of TgCyp18 to drive IL-12 production, led to studies
investigating the effect of TgCyp18 on expression of other cytokines (Ibrahim et al.,
2009). Subsequently, recombinant TgCyp18 was shown to induce TNF-a and p40 IL-
12 whilst further augmenting the levels of IL-6 and IFN-y in a CCRS5 independent
manner.  Furthermore, TgCypl8 increased NO production from stimulated
macrophages, although, this activity was not reproducible following pre-treatment of
cells with TgCyp18. Finally, TgCypl8 was shown to inhibit parasite growth in
infected macrophages. These findings along with the IFN-y and NO inducing
properties of TgCypl8, prompted suggestion that TgCypl8 may be involved in
tachyzoite to bradyzoite conversion. Indeed further experiments showed that
TgCyp18 did induce the conversion process. Therefore, with this in mind, a role for

TgCyp18 in modulating host immune responses has been suggested.

T. gondii derived heat shock protein 70 (TgHSP70) was first identified in 2000, when
it was shown to be expressed at lower levels in immunocompromised mice infected
with virulent RH (Miller et al., 2000). Subsequently, the immunomodulatory
properties of TgHSP70 were first characterised when Dobbin et al., (2002)
demonstrated that proliferation of virulent parasites with reduced HSP70 expression
was significantly reduced in vivo whilst tachyzoite to bradyzoite conversion was
increased. A later study also demonstrated the ability of TgHSP70 to drive
differentiation of human monocyte derived DCs and IL-12 production (Kang et al.,
2004) whilst further studies have shown this activity to be mediated via TLR-4 in a
MyD88 independent signalling pathway cascade (Aosai et al., 2006). Furthermore,
C57/BL6 mice succumbed to infection on day 9, following injection with TgHSP70
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on day 3 post T. gondii infection (Ahmed et al., 2004). Therefore, throughout the
literature an important role for TgHSP70 has been outlined with some studies
proposing that TgHSP70 functions to protect T. gondii from the anti-parasitic effects

of the host immune response.
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1.10 Macrophage Migration Inhibitory Factor

Macrophage migration inhibitory factor (MIF) was first identified in 1966 and
consequently was one of the first cytokines to have been described. MIF was
discovered in two independent studies, which described this molecule as a soluble
mediator secreted from stimulated lymphocytes that inhibited migration of
macrophages (Bloom and Bennett, 1966, David 1966). This was an unusual feature at
the time and enthused many immunologists. Human MIF was not isolated and cloned
until 1989, 23 years after its initial description (Weiser et al., 1989). Soon after
recombinant protein and anti-MIF antibodies were available for use and indeed
localisation studies were some of the first to benefit from production of such
immunological tools (Bernhagen et al., 1993, Nishino et al., 1995). However, the
mechanisms by which MIF mediated its functional activity remains thus far somewhat
obscure. In 1996, the structure of human MIF was solved (Sugimoto et al., 1996, Sun
et al.,, 1996) illustrating that human MIF exists as a trimer with a structural
architecture almost identical to a bacterial isomerase 5-carboxymethyl-2-
hydroxymuconate isomerase (CHMI) (Figure 1.6). While initial experiments using
gel filtration analytical ultracentrifugation techniques had suggested MIF may exist as
a monomer or dimer (Galat et al., 1994, Blocki et al., 1992, Nishihira et al., 1995),
later studies confirmed the trimeric form to be the natural conformation of MIF (Lolis
et al.,, 1996, Mischke et al., 1997, Bendrat et al., 1997). Each MIF monomer
comprising the trimer was estimated to have a MW 12.5KDa and to consist of two
anti-parallel alpha helices packed against a four strand beta sheet. In addition, each
monomer was shown to have two beta strands that interact with beta sheets of
adjoining subunits (Sugimoto et al., 1996, Sun et al., 1996). The trimeric architecture
of MIF also highlighted the formation of a pore, which has a positive charge of as yet

unknown function (Sun et al., 1996).

1.11 Human MIF gene and protein

The human MIF gene is 351bp long and consists of three introns and two exons
(Paralkar and Wistow, 1994). The gene encodes a small protein which consists of 112
amino acids. Furthermore, it is known that the starting methionine is cleaved post

translation to expose the N-terminal proline (Bernhagen et al., 1993).
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Figure 1.6 MIF 3D crystal structure
Mammalian MIF exists as a trimer with the formation of a central hydrophilic pore possessing

a positive charge. The function of this pore is unknown (Lubetsky et al., 2002).
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An NCBI protein search of MIF retrieves results for over 20 mammalian species, 92
bacterial species and 16 different Apicomplexans. Published literature to date would
suggest that all MIFs lack an N-terminal signal sequence for secretion via classical
pathways (Flieger et al., 2003) and recently a role for the golgi protein p115 has been
suggested in the secretion of human MIF (Merk et al., 2009).

1.12 Cell and tissue sources of mammalian MIF

While MIF is secreted by a huge variety of cell types, the main source of MIF is the
macrophage where it is found preformed and secreted upon stimulation with LPS
(Calandra et al., 1994). In vitro the RAW264.7 macrophage line stimulated with IFN-
vy and TNF-a, but not IL-6 or IL-1p secrete preformed MIF (Calandra et al., 1994).
However, studies demonstrate that MIF is also secreted from other immune cells such
as T cells, B cells and eosinophils (Rocklin et al., 1975, Calandra et al., 1994, Rossi et
al., 1998). MIF mRNA is also found within the brain, where differences in mRNA
levels are observed dependent on cell type, with neurons for example having
increased MIF mRNA expression levels compared with glial cells (Bacher et al.,
2003). MIF is also secreted in pituitary corticotroph and thyrotroph cells, suggesting
that MIF may have an endocrine role (Nishino et al., 1995). Well-established roles for
MIF have also been described from non-immune cells and tissues. For example, MIF
is secreted, along with other pro-inflammatory cytokines from human adipose tissue
during primary culture in the absence of any stimulants (Fain et al., 2006). In
addition, it is well documented that MIF is present in the reproductive system and
secretion has been reported from uterine, endometrial and leydig cells (Schaefer et al.,
2005, Yang et al., 2000, Meinhardt et al., 1996).

1.13 The MIF Receptor

Until recently, the MIF receptor was unknown. Some studies initially suggested that
MIF activation occurred via unconventional routes, such as an intrinsic catalytic
activity (Hermanowski-vosatka et al., 1999; Swope et al., 1999; Kleemann et al.,
1998). However, in 2003, Leng et al., described CD74 as a cell surface binding
protein for MIF. CD74, like MIF, is a homotrimer (Jasanoff et al., 1998) and is also
known as the MHC class Il invariant chain, which functions to transport class Il

proteins from the ER to the golgi complex (Cresswell, 1994). Approximately 2-5% of
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cellular CD74 is expressed on the cell surface in many different cell types (Wraight et
al., 1990; Henne et al., 1995).

MIF is known to induce ERK-MAPK activation in macrophages, an activity which is
reduced in CD74” macrophages (Kamir et al., 2008). Furthermore, MIF increases
ERK-MAPK phosphorylation in the human Raji B cell line, which expresses
abundant cell surface CD74. An increase in ERK MAPK activation is associated with
a significant increase in proliferation of Raji B cells; an effect which is diminished in
the presence of anti-CD74 mAbs. This proliferative effect is not only observed in
immune cells but also in cells such as fibroblasts (Lacey et al., 2003). However, the
molecular dynamics of the MIF-CD74 interaction is unknown and indeed the
mechanism by which signal transduction is initiated is currently unclear. As the short
intracellular domain of CD74 lacks homology with tyrosine or serine/threonine
kinases or interaction domains for non-receptor kinases, this prompted speculation
that a second accessory protein was involved in the MIF receptor complex, which
would facilitate signal transduction (Leng et al., 2003, Shi et al., 2006).

In pursuit of an accessory protein for CD74 in the context of a functional MIF
receptor, Shi et al., (2006) explored the possible role of CD44. A mutant cell line
deficient in CD44 was incapable of MIF-mediated ERK phosphorylation, yet binding
through CD74 was still facilitated. These results indicate that, through a process
dependent on CD44, MIF induces serine phosphorylation of CD74 intracytoplasmic
domain. This suggests that MIF binding to CD74 initiates ligand induced activation
events which are essential for subsequent CD44 signal transduction.

Previous studies have detailed activation of ERK MAPK pathways via a Ras-Raf-
MEK dependent pathway (Ishida et al., 1998) following an association of c-Src (Src)
kinases with the intracytoplasmic domain of CD44 (Taher et al., 1996). Therefore,
addition of Src inhibitors to cell lines which express both CD74 and CD44, resulted in
inhibition of Src and ERK phosphorylation. Subsequently, these results suggest a
mechanism by which MIF mediates signal transduction following interaction with
CD74 (Shi et al., 2006). A diagrammatic representation of the predicted mechanism
by which signal transduction is initiated following MIF binding to its receptor is

shown in Figure 1.7.
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It is unlikely that all MIF biological activities are mediated exclusively via binding to
CD74/CD44, as previous studies have demonstrated the ability of MIF to bind Jab-1
intracellularly, independent of a surface receptor. MIF binding to Jabl results in
decreased AP-1 gene activity thus enabling MIF to regulate gene expression
(Kleemann et al., 2000). Furthermore, some target cells of MIF do not express CD74,
such as neutrophils (Calandra and Roger, 2003) and consequently MIF mediated
activity in such cells must be mediated via a different receptor or perhaps even a non-
receptor-dependent mechanism. Subsequently, chemokine receptors CXCR2 and
CXCR4 have been identified as binding partners for MIF (Bernhagen et al., 2007).
Specifically, MIF binding CXCR2 inhibited the random migration of monocytes
whilst MIF binding CXCR4 resulted in the arrest of primary human effector T cells.
Subsequently, MIF binding to CXCR2 and CXCR4 induced directed migration of
monocytes and T cells respectively. In addition, this study demonstrated a physical
interaction between CXCR2 and CD74, which formed a functional MIF receptor
which induced leukocyte recruitment (Bernhagen et al., 2007). In particular, a role
for MIF in atherogenic recruitment in apolipoprotein E-deficient mice (Apoe™) has
been suggested to be mediated via CXCR2 and CD74. However, later studies showed
that CXCR4 also formed a functional receptor complex with CD74 which is
responsive to MIF (Schwartz et al., 2009). Consequently, MIF binding to
CXCR4/CD74 receptor complex resulted in CD74-dependent AKT activation in T
cells which was inhibited by the addition of CXCR4 inhibitors. However, it is
currently unclear whether a role for CD44 is evident in either CXCR2 or CXCR4
receptor complexes with CD74 (Schwartz et al., 2009).
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Figure 1.7 Proposed model of MIF signal transduction

MIF binding to CD74 results in serine phosphorylation of CD74 and phosphorylation of CD44
leads to an association with Src kinases. This leads to downstream ERK MAPK activation
which leads to production of mediators such as PGE, and arachidonic acid via cPLA, and
COX-2. MIF has also been shown to bind to CXCR2/CXCR4 which is capable of forming an
interaction with CD74. Formation of this complex has been associated with induced
leukocyte recruitment as well as AKT activation. It is currently unclear whether an interaction
is also formed with CD44. Diagram based on Shi et al., (2006).

KEY

ot o )) .
DEOME /ﬂr D74 D44 CXCR2/4 SrtcKinase  |__lGTPase/Kinase

38



1.14 Biological Activities of MIF

Currently, a wide array of MIF mediated activities have been described. Herein, a
selection of MIF biological activities is discussed in detail, which are represented
diagrammatically in Figure 1.8 and the biological characteristics of MIF homologues
are described in tables 1.1, 1.2, 1.3 and 1.4.

1.14.1 MIF inhibits p53-dependent apoptosis of macrophages

The ability of MIF to regulate innate immune responses makes it a pivotal effector
cytokine. Contrary to early studies that indicated T cells to be a major source of MIF
(Bloom and Bennet, 1966, David 1966), it is now known that the activated
macrophage is the predominant source of MIF within the immune system (Calandra et
al., 1994). Following activation with LPS, a series of mechanisms are initiated
resulting in apoptosis, or programmed cell death (Albina et al., 1993, Sarih et al.,
1993). Such mechanisms are the result of a regulatory process, which aims to keep
innate immune responses in check that could otherwise result in immunopathological
disorders such as septic shock and granulomatous disorders (Dinarello et al., 2000).
The overexpression of MIF has also been linked to these phenotypes, not
unsurprisingly being a mediator of macrophage pro-inflammatory activity (Bernhagen
et al., 1993, Bozza et al., 1999). Therefore, the apoptotic response is regarded as an
important regulatory mechanism of the inflammatory response. The apoptotic process
requires several mediators including the production of nitric oxide and the
accumulation of tumour suppressor gene p53. Mitchell et al., (2002) found that MIF
regulated the activation pathway of the LPS induced apoptotic pathway of
macrophages by inactivating p53 activity. These findings were complemented by an
increase in arachidonic acid metabolism and a decrease in NO-induced p53
accumulation — this was not observed in MIF”" macrophages. These findings
therefore indicate a further role for MIF in maintaining macrophage pro-inflammatory

function.
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Species Tautomerase Oxidoreductase Structure Biological Characteristics References
H.sapiens < 3350pM/min/mg - 100m units * Solved - «Inhibits random migration of ' Kamir et al., 2008
580uM/min/mg Reduction of 2- Trimeric monocytes/macrophages ° Tan et al., 2001
L. dopa methyl ester hydoxyethyldisulphide formation «Inhibits p53 dependent apoptosis of > Cho et al., 2007
tautomerase activity consisting of ~ macrophages ’ *Kleemann et al., 1998
*Activity inhibited by anti-parallel «Counteracts the anti-inflammatory > Sun et al., 1996
ISO-1 and 4-IPP¥} alpha helices  effects of GC 8 ® Hermanowski-vosatka et al., 1999
packed « Induces lymphocyte activation ° "Mitchell et al., 2002
«208pM/min/mg against a four  *Found in high concentrations in 8 Calandra et al., 1995
p- strand beta plasma of patients with severe sepsis ° Bacher et al., 1996
hydroxyphenylpyruvate sheet ° 10 1% Calandra et al., 2000
tautomerase activity «Increases matrix metalloproteinases > Onodera et al., 2000
inRA M 2 Shimizu et al., 1999
*Induces angiogenesis 12
M. musculus  +33.5 pmoles/min/mg 420m units* Solved — «Inhibits random migration of 13 Richardson et al., 2009

L. dopa methyl ester
tautomerase activity **

Reduction of 2-
hydoxyethyldisulphide

Same trimeric
architecture as
HsMIF

Table 1.1 Enzymatic and biological characteristics of selected mammalian MIFs
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monocytes/macrophages *>*°

Inhibits p53 dependent apoptosis of
macrophages

«Upregulates TLR-4 expression */
«Induces lymphocyte activation °
«Induces ERK MAPK activation *®
Inhibits NK cell activity 19
*Induces iNOS production in
macrophages *°

*Promotes cell cycle progression in
B cells #

*Regulates insulin secretion 22

*Kleemann et al., 1998
Y Taylor et al., 1999

15> Bloom and Bennett, 1966
'° David, 1966
"Mitchell et al., 2002
®Bacher et al., 1996

" Roger et al., 2001
BMitchell et al., 1999
Apte et al., 1998
2%Cuhna et al., 1993
!Takahashi et al., 1999
*2\Waeber et al., 1997



Species Tautomerase Oxidoreductase Structure Biological Characteristics References
A. americanum *No data available No data available, however Not solved *Inhibits random migration of ~ Jaworski et al., 2001
CXXC motif is partially human M® equally as well as
conserved. human MIF
B. belcheri tsingtaunese  *Hydroxyphenylpyruvate  Reduction of insulin by DTT Not solved * No data available Du et al., 2006
tautomerase activity but not GSH. CXXC motif is
partially conserved.
H. longicornis * No data available No data available, however Not solved *Inhibits random migration of  Umemiya et al., 2007
CXXC motif is partially human monocytes
conserved.
T. nigroviridis *No data available No data available, however a Not solved «Inhibits random migration of  Jin et al., 2007
full CXXC motif is conserved macrophages by 35%
X. laevis *p-hydroxyphenylpyruvate No data available, Solved — *Is essential for axis formation Suzuki et al., 2004
tautomerase activity (equal however a full CXXC motifis  Same and neural development of
to that of rat MIF) conserved trimeric Xenopus embryos
architecture
as HsMIF

Table 1.2 Enzymatic and biological characteristics of MIF homologues from a selection of vertebrae and invertebrate species
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Species

Tautomerase

Oxidoreductase

Structure

Biological Characteristics

References

A. ceylanicum

B. malayi

T. spiralis

*150umoles/min/mg
p-hydroxyphenylpyruvate
tautomerase activity
*Activity unaffected by ISO-1
*361.3uM/min/mg

L. dopa methyl ester
tautomerase activity 2

*106.8uM/min/mg
p- hydroxyphenylpyruvate
tautomerase activity 2

*3500pmoles/min/mg
L.dopa methyl ester
tautomerase activity

No data available. No
conserved cysteines

No data available,
however a full CXXC
motif is conserved

No data available. No
conserved cysteines

Solved — Same
trimeric architecture
as HsMIF

Solved — Same
trimeric architecture
as HsMIF 23

Solved — Same
trimeric architecture
as HsMIF

Table 1.3 Enzymatic and biological characteristics of MIF homologues from a selection of helminth species
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*Binds CD74

* Inhibits random migration
of human peripheral blood
mononuclear cells

*Inhibits random migration of
human
monocytes/macrophages *
Increases recruitment of
eosinophils %

eIncreases 1L-8, TNF-q,
endogenous MIF %
*Synergises with IL-4 to
induce alternative activation
of macrophages 2°

*Inhibits random migration of
human peripheral blood
mononuclear cells

Cho et al., 2007

24 pastrana et
al.,1998

25 Falcone et al.,
2001

2% 7ang et al., 2002
2% Prieto-Lafuente et
al., 2009

Tan et al., 2001



Species Tautomerase Oxidoreductase Structure Biological Characteristics References
E. tenella *No data available, however,  No data available, however  Not solved * No data available Miska et al., 2007
an N-terminal proline is CXXC motif is partially
present conserved.
L. major +0.25mM/min/uM Small detectable Solved — Same *Inhibits random migration of *Kamir et al., 2008
L. dopa methyl ester oxidoreductase activity ** trimeric architecture  human peripheral blood

tautomerase activity *
*Activity unaffected by ISO-1
but inhibited by 4-1PP*

*1.2umoles/min/mg
L. dopa methyl ester
tautomerase activity **

P. falciparum +<20% activity of that in <30% activity of that in
HsMIF HsMIF
p- hydroxyphenylpyruvate C57 conserved
tautomerase activity HED reduced

as HsMIFt3

Predicted structure
indicates Same
trimeric architecture
as HsMIF

mononuclear cells

*Induces ERK-MAPK
activation®

*Binds CD74

Inhibits activation induced
apoptosis of macrophages®

*Inhibits AP-1 activity in
human embryonic kidney
cells

Table 1.4 Enzymatic and biological characteristics of MIF homologues from a selection of protozoan parasites
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Figure 1.8 Biological activities of MIF

The diverse range of MIF biological activities are represented including MIF-mediated inhibition of p53
apoptosis of macrophages as well as activation of ERK-MAPK pathways.

From this diagram, it is
evident that the main target cell for MIF activity is the macrophage.
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MIF mediated anti-apoptotic effects have also been observed in other studies. Kim et al.,
(2008) demonstrated that patients with systemic sclerosis, a condition in which there is a
dysregulated apoptosis of fibroblasts, had larger quantities of MIF present in their sera
compared with healthy individuals. Furthermore, diseased fibroblasts were also more resistant
to treatment with sodium nitroprusside (SNP), an apoptosis inducer, than those of healthy
individuals. Furthermore, the inhibitory effect of MIF on apoptosis was ablated by the addition
of an ERK inhibitor and protein kinase B inhibitor, indicating a role for these components in

MIF-mediated protection from apoptosis (Kim et al., 2008).

1.14.2 MIF counteracts immunosuppressive activity of glucocorticoids

MIF has also been implicated in regulating the anti-inflammatory effects of glucocorticoids
(GC) (Calandra et al., 1995). Initial observations by Bernhagen et al., (1993) indicated that
MIF was secreted from the same corticotrophic pituitary cells which secrete
adrenocorticotrophin (ACTH), a mediator which results in the adrenal secretion of GC. This
raised the idea that these mediators, MIF and ACTH, may interact having a consequence on
immune target cells. Typically, GC stimulation results in a decrease in pro-inflammatory
cytokine production. However, Calandra et al., (1995) found that pre-incubating cells with
increasing concentrations of MIF in the presence of the GC dexamethasone reduced

dexamthasone’s ability to inhibit pro-inflammatory cytokine production.

Indeed, pre-incubation of 1ng/ml MIF resulted in a ~60% reduction of dexamethasone
mediated inhibition of TNF-a, IL-1p, IL-6 and IL-8. Similar results were obtained in vivo
where MIF was shown to antagonise the protective effects of GC in lethal endotoxic shock.
Furthermore, GC mediated downregulation of cell adhesion molecules such as vascular cell
adhesion molecule 1 (VCAM-1) and intracellular adhesion molecule 1 (ICAM-1) was reversed
following MIF stimulation, which results in increased leukocyte adhesion (Burger-Kentischer
et al., 2006, Amin et al., 2006). In addition, GC regulate leukocyte turnover and trafficking in
response to mild, acute stress. Rodents treated with anti-MIF antibody were found to enhance
the stress-GC induced egress of peripheral leukocytes from circulation, consistent with the

effects of GC action alone (Fingerle-Rowson et al., 2003).

Surprisingly, stimulation of murine monocytes/macrophages with physiological concentrations

of GC results in MIF secretion. However, high GC concentrations (>10M) are able to prevent
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MIF secretion. This indicates a tightly regulated system for MIF mediated regulation of GC
activity (Calandra et al., 1995).

The exact molecular mechanisms by which MIF and GC counter regulate each others activity
is unknown. However, this activity has been observed in several biological systems. For
example, MIF induced activation of ERK1/2 MAPK leads to phosphorylation of proteins and
activation of transcription factors including cytosolic phospholipase A, (cPLA;) which results
in arachidonic acid production. Subsequently arachidonic acid activates jun-N-terminal kinase
(JNK) which is required for TNF-a production (Mitchell et al., 1999, Swantek et al., 1997).
However, GC inhibits cPLA; via a pathway involving annexin-1. Despite this, MIF continues

to activate cPLA; even in the presence of GC (Flaster et al., 2007).

P38 signalling pathways have also been shown to be involved in MIF modulation of GC
activity on macrophages. TNF-a expression is regulated by the phosphorylation of MAPK
activated protein kinase (Kotlyarov et al., 1999). These kinases are in turn regulated by
MAPK phosphatases (MKP) via dephosphorylation of MAPK whereby cells lacking MKPs
exhibit increased activation of p38 and JNK MAPK (Wu et al.,, 2005). Subsequently,
overexpression of MKPs results in reduced production of TNF-a, a product of p38 kinase
activation (Shepherd et al., 2004).  Aeberli et al., (2006) demonstrated that in the complete
absence of endogenous MIF, macrophages increase expression of MKP-1 whilst
phenotypically they exert an increased responsiveness to GC (Roger et al., 2005).
Consequently, these results suggest that MIF regulates the GC effect on LPS induced TNF-a,
production via the expression of MKP-1.

Overall the evidence would suggest that there is a MIF-GC dyad whereby these mediators act
in concert to counter regulate each others activities (Flaster et al., 2007). MIF has been shown
to control the immunosuppressive effects of GC to prevent inhibition of essential pro-
inflammatory responses required to resolve infection. Conversely, the immunopathology

which can result from overexpression of MIF is counter regulated by GC.

1.14.3 MIF upregulates TLR-4 expression
Preliminary experiments with macrophages transfected with plasmid containing an antisense
MIF mRNA, showed a muted response to heat killed gram negative bacteria Escherichia coli,

Klebsiella pneumoniae and Pseudomonas aeruginosa, as measured by a decrease in TNF-a and

46



IL-6 (Roger et al.,2001). In contrast, an effective response was measured following
stimulation with S. aureus and the yeast particle zymosan. As gram positive and gram negative
bacteria stimulate TLR-2 and TLR-4 respectively, the previous observation therefore indicates
that MIF contributes to TLR-4, but not TLR-2 signalling in the macrophage (Roger et al.,
2001).

Immune cell recognition of LPS involves LPS binding protein (LBP) which transfers LPS to a
receptor complex of CD14 and TLR-4. TLR-4 is then capable of activating NFkB which can
lead to transcription of pro-inflammatory cytokines such as TNF-o. Expression levels of CD14
are unchanged in antisense treated macrophages in comparison to control cells. However,
TLR-4 is significantly decreased in antisense MIF treated macrophages with a complimentary
decrease in TNF-a also being observed. These effects are reversed by the addition of MIF
(Roger et al., 2001). Furthermore, immunoneutralization of extracellular MIF results in a
decrease in TLR-4 expression which consequently alters the pro-inflammatory phenotype of
the macrophage (Roger et al., 2003). Therefore MIF has been shown to upregulate TLR-4
expression thus increasing macrophage responsiveness to LPS which consequently strengthens

the innate immune response following challenge by endotoxin or gram negative bacteria.

1.14.4 MIF activates ERK MAPK pathways

Observations that MIF could promote cell proliferation (Bacher et al., 1996, Chesney et al.,
1999) led to subsequent studies to determine MIF impact on cell signalling pathways
associated with proliferation. A study by Mitchell et al., (1999) demonstrated the ability of
both endogenous and exogenous MIF to stimulate proliferation of the fibroblast cell line
NIH/3T3 which coincided with a sustained increase in p44/p42 ERK MAPK phosphorylation
which was maintained up to 24hours post stimulation. Previous studies in PC-12 cells had
shown that cell differentiation was associated with a similar pattern of sustained ERK MAPK
activation (Wu et al., 1996). This prompted speculation that MIF might be playing a similar
role in stimulating similar pathways for cell differentiation. Furthermore, activation of the ERK
MAPK activation by MIF, also resulted in an increase of phosphorylation and activation of
cPLA,, of which arachadonic acid is a downstream product. Therefore, MIF induced release of
arachidonic acid subsequently results in production of mediators such as prostaglandins and
leukotrienes as well as c-jun N terminal kinase activation for pro-inflammatory cytokine

production (Mitchell et al., 1999). Of note, anti-inflammatory glucocorticoid inhibition of
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TNF-o production is mediated via inhibitory effects on c-jun N terminal kinase pathway
(Swantek et al., 1997).

Further studies have also suggested a role for MIF in driving the phenotype of ectopic
endometrial cells. MIF was found to upregulate cyclooxygenase 2 (COX-2) expression in
endometrial cells which then resulted in an increase in prostaglandin E2 (PGE2) production
(Carli et al., 2009). Production of these mediators, coincided with an increase in activation of
p38 and ERK MAPK pathways, suggesting MIF regulates production of COX-2 and PGE2 via

these signalling pathways.

1.14.5 MIF activates T cells

In addition to innate immunity, MIF also drives adaptive immune responses, in particular T
cell immunity. Bacher et al., (1996) first discovered that activated T cells had increased levels
of MIF, both at the mRNA and protein level. Furthermore, treatment with an anti-MIF
antibody resulted in inhibition of T cell proliferation as well as a notable decrease in IL-2
production, a cytokine essential for the initiation of an effective T cell response. Therefore,
from this study the authors were able to describe a role for MIF as an integral part of
mitogenesis and subsequently T cell activation (Bacher et al., 1996). However, contrary to
this observation, others have dismissed a critical role for MIF in T cell activation as MIF
deficient T cells have been found to proliferate as efficiently as wild type T cells in response to

experimental parasitic infection (Rodriguez-Sosa et al., 2003, Satoskar et al., 2001).

1.15 MIF enzymatic activities

1.15.1 Tautomerase activity

In the early 1990’s, MIF tautomerase activity was identified by Rosengren and colleagues
(Figure 1.9). Prior to this investigation, a separate study investigating the later stages of
melanin biosynthesis whereby the naturally occurring L- 2-carboxy — 2,3-dihydroindole-5,6-
quinone stereoisomer (dopachrome) is converted to 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) (Pawelek et al., 1991) via a tautomerisation reaction which had been carried out in
melanoma cells (Odh et al., 1993). Curiously, in this study a tautomerase activity was
measured from control melanoma cells which had been incubated with control substrate D-
dopachrome. Subsequent investigations led to the identification of an enzyme called D-
dopachrome tautomerase which was then identified in tissues including rat liver (Zhang et al.,

1995). Subsequently, Rosengren et al., (1996) characterised a second enzyme capable of
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driving this D-dopachrome tautomerase activity from bovine eye lens with subsequent isolation
of the catalytic mediator being revealed as the bovine homologue of MIF. As a result, this
group were first to firmly characterise MIF tautomerase activity and consequently human D-
dopachrome tautomerase was cloned and expressed (Nishihira et al., 1998). However,
although MIF tautomerised dopachrome, it was evident that this was not the physiological
substrate and so the search for this mediator begun. Since then, MIF has also been shown to
catalyse phenylpyruvate and p-hydroxyphenylpyruvate tautomerase reactions (Rosengren et
al., 1997). However enzyme kinetic analysis shows that the Km for MIF with these molecules
is 1000 times higher than the serum concentrations of these molecules which probably rules

out these substrates as natural ligands (Deutsch, 1997).

At present, the natural in vivo substrate for MIF is unknown, however, an in vitro study has
identified quinone products of dopamine and norepinephrine as potential natural substrates of
MIF tautomerase activity, as they are readily converted to indole derivatives. Indole
derivatives are precursors of neuromelanin and subsequently a role for MIF in neuromelanin
synthesis has been suggested. However, despite this, there is currently a lack of consensus
with regard to identification of the natural substrate. Indeed, if the natural substrate is
structurally similar to dopachrome it is intriguing as to why MIF accepts the D-isomer of
dopachrome and not the naturally occurring L-isomer (Rosengren et al.,1996). It has been
suggested that such discrimination may be perhaps to avoid interference with melanin
biosynthetic pathways (Bendrat et al., 1997). However, MIF has been shown to catalyse L-
dopachrome methyl ester (i.e. L-dopachrome with a modified carboxy group). Furthermore,
the ability of MIF to tautomerise several neuropeptides has prompted suggestion that substrates
bearing an N-terminal tyrosine may be natural MIF substrates (Bendrat et al., 1997).

Elucidation of rat and human MIF structures revealed a surprising similarity with these
proteins and the E. coli enzyme CHMI (Hajipour et al., 1993, Sugimoto et al., 1996) and 4-
oxalocrotonate tautomerase (4-OT) (Bendrat et al.,1997). The catalytic base of CHMI and 4-
OT is an N-terminal proline which is greatly conserved in E.coli (Subramanya et al., 1996).
The structural homology observed between CHMI and MIF, led to the suggestion that the
catalytic site for MIF tautomerase activity may be focused around the N-terminal proline.
Studies with 4-OT showed that incubation with the irreversible inhibitor 3-bromopyruvate (3-
BP) resulted in a loss of activity by modification of the N-terminal proline. Subsequent

inhibition studies with MIF and 3-BP also resulted in an irreversible complete loss of activity,
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suggesting an essential role for the MIF N-terminal proline (Bendrat et al.,1997, Stamps et al.,
1998). Consequently, it was shown that mutation of the N-terminal proline to an alanine

resulted in a substantial decrease in human MIF tautomerase activity (Nishihira et al.,1998).

Early studies made no direct connections between MIF catalytic activity and immunological
function. However, from the late 90°s onwards, characterisation of the potential physiological
role of MIF tautomerase activity was investigated in many studies. Bendrat et al.,(1997)
reported that enzymatically inactive MIF retained its ability to counteract the anti-
inflammatory effects of glucocorticoids. This result was later confirmed by Kleemann et al.,
(2000) who observed that a series of N-terminally truncated mutants retained their full
glucocorticoid overriding activity. In addition, Hermanowski-Vosatka et al., (1999) also
reported catalytically inactive mutants of MIF were still able to inhibit monocyte chemotaxis.
However, these results are in contrast to Swope et al., (1998) who demonstrated ‘P1G’ mutants
(lacking the n-terminal proline) were catalytically inactive and displayed a reduced cytokine
activity. Furthermore, contrary to previous results, Lubetsky et al., (2002) found that ‘PAM’
mutants, (whereby an alanine is inserted between Pro-1 and Met2), failed to override the anti
inflammatory effects of glucocorticoids.  Such contrasting results have led some authors to
suggest the importance of the catalytic site, but not necessarily enzyme activity in MIF

immunological function (Dios et al., 2002).

Despite being a somewhat contradictory and controversial area, many authors believe that the
unique ability of MIF amongst cytokines to catalyse an enzyme reaction must indicate an
immunological role for this enzymatic process. As such, many studies have researched the
interactions of MIF with active site specific inhibitors, with a long-term goal for the
development of new anti inflammatory agents. To date, the most commonly used inhibitor is
(S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1).
Lubetsky et al., (2002) investigated the ability of ISO-1 to inhibit MIF biological activity and
found that the interaction of MIF with 1ISO-1 inhibited the ability of MIF to override GC anti-
inflammatory activity. This was associated with a complementary decrease in TNF-a
production from mononuclear cells as well as PGE, and COX-2. Al-Abed et al., (2005) also
reported that ISO-1 binding to the active site of MIF significantly inhibited the pro-
inflammatory activity of MIF and as a consequence mice survival to severe sepsis was
increased. Studies have also been carried out using alternative inhibitors. For example, Senter

et al.,, (2001) demonstrated that incubation of MIF with N-acetyl-p-benzoquinone imine
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(NAPQI) resulted in an interaction with the catalytic site which inhibited the ability of MIF to
inhibit glucocorticoid activity.  Furthermore, Dios et al., (2002) found that 2-[(4-
hydroxybenzylidene)amino]-3-(1H-indol-3-yl)propionic acid methyl ester was a potent
inhibitor of tautomerase activity which inhibited 3 aspects of MIF bioactivity: ERK MAPK

activation, p53-dependent apoptosis of macrophages, and cell proliferation.

Understanding the mechanisms by which both substrates and inhibitors bind to the tautomerase
active site will prove imperative to designing new inhibitors. For example, modelling studies
show that ISO-1 and D-dopachrome interact in a similar manner with MIF, indicating Lys*?
and Asn® are two of the most important residues in MIF mediated activity (Lubetsky et
al.,2002). Indeed many dopachrome analogs and pharmacological inhibitors have already been
designed in the hope of better understanding MIF biological activity (Zhang and Bucala, 1999,
Dios et al., 2002).

1.15.2 Oxidoreductase activity

Kleemann et al., (1998) described a role for human MIF as a thiol protein oxidoreductase
(Figure 1.10). Initial analysis of the human MIF amino acid sequence highlighted a CXXC
motif spanning between residues 57260, with such motifs being the catalytic centres for many
thiol protein oxidoreductases including thioredoxin (Trx) and glutaredoxin. Such observations
led to the hypothesis that MIF exhibited a cysteine-dependent thiol protein oxidoreductase
which was associated with the formation of an intramolecular disulphide bridge between two
cysteines (Kleemann et al., 1998). MIF was shown to be able to reduce both insulin and 2-
hydroxyethyldisulphide (HED) via its oxidoreductase activity. However, MIF reduction of
insulin was only observed when reduced glutathione was the applied substrate, an effect which

was not observed in the presence of dithiothreitol (DTT) as the substrate.

In order to determine the importance of each individual cysteine in driving the oxidoreductase
reaction, C57S and C60S mutants were created whereby the corresponding cysteines were
substituted for serines (Kleemann et al., 1998). Assays using these mutant proteins revealed
that while C57S mutants had a reduced oxidoreductase activity, this activity was completely
absent from C60S mutants. This data therefore indicated a more important role for Cys® than

Cys”’ in mediating oxidoreductase activity. In addition, the authors also carried out some basic
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immunological assays using the mutant proteins and found that the macrophage activating
properties of MIF were inactive for C60S and significantly impaired for C57S mutants. These
preliminary results indicate an immunological role for MIF oxidoreductase activity (Kleemann
et al., 1998). Later studies suggested a role for MIF oxidoreductase activity in cell redox
homeostasis and MIF activation of monocytes and macrophages. However, these reports have

not been further substantiated (Reviewed Thiele and Bernhagen, 2005)

In 2000, Kleemann et al., performed the first comparative studies of the two enzyme activities
and demonstrated that tautomerase activity was independent of the active site residues required
for oxidoreductase activity and vice versa. Indeed, the only element that both activities are

dependent on is the formation of the anti-parallel f1/p4 sheet in the monomeric MIF structure.
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Glutathione " HsMIF >‘ Insulin

Oxidised Oxidiseci Oxidised

Figure 1.10 MIF oxidoreductase activity

The reduction of HsMIF by glutathione results in a break in the disulphide bridge found between Cys®’
and Cys60 of HsMIF. HsMIF then reduces insulin into its subunit components whilst itself returning to
its oxidised state. This is associated with the re-formation of the disulphide bridge between Cys®’ and
Cys® of HsMIF.
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1.16 MIF in infection and disease
Many studies have implicated MIF in having a major role during a variety of different

infections and diseases. Outlined below is the role of MIF in selected infections and diseases.

1.16.1 MIF in septic shock

Severe sepsis initiated by gram positive and gram negative bacteria can be a major cause of
death of hospitalised patients (Morrison and Ryan, 1987). Therefore, identification of the
mediators responsible for this condition may help in the development of new therapeutics for
preventing severe sepsis. A role for MIF in severe sepsis is well documented. Indeed, studies
have shown that MIF is released from tissues such as lung, liver and kidney upon stimulation
with LPS (Bacher et al., 1997). Furthermore, a protective effect is observed in wild type mice
upon administration of anti-MIF antibodies (Calandra et al., 2000). In addition, MIF"" mice
challenged with 25mg/kg LPS to induce sepsis are more resistant to lethal endotoxaemia as
evident by a 50% reduction of TNF-a in the plasma. This in vivo result is consistent with a
reduction of TNF-a produced from murine MIF” macrophages, although IL-6 production is
unaffected both in vivo and in vitro (Bozza et al., 1999). The importance of both MIF and
TNF-a in sepsis has been documented in several studies (Heumann et al., 1995, Pfeffer et al.,
1993, Bozza et al., 1999, Calandra et al., 2000), which has prompted the suggestion that a
potent interaction between these mediators is involved in determining the outcome of severe

sepsis and septic shock.

MIF has been identified in high concentrations in the plasma of patients with severe sepsis or
septic shock (Calandra et al., 2000, Lehmann et al., 2001). In particular, high levels of MIF in
acute sepsis have been associated with a poor outcome in infection induced sepsis (Bozza et
al., 2004, Chuang et al., 2007). Specifically, patients with septic shock had media plasma MIF
levels of 17.8ng/ml whereas healthy individuals’ plasma MIF levels were 3ng/ml. Patients
who survive septic shock had 10.2ng/ml MIF in the plasma whereas non survivors 18.4ng/ml
(Calandra et al., 2000).

Inhibitors designed to specifically block the tautomerase active site of MIF have been shown to
reduce disease severity and increase positive disease outcome to severe sepsis (Al-Abed et al.,
2005, Dabideen et al,, 2007). Alternatively, the development of a DNA MIF/tetanus toxin
vaccine administered prophylactically can significantly reduce septic shock lethality (Tohyama

et al., 2008). Furthermore, a role for MIF in a non-LPS induced system of sepsis has been
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described. MIF has been implicated in the pathogenesis associated with gram positive toxic
shock syndrome (TSS) as TSS toxin-1 (TSST-1) induces production of MIF from
macrophages. Prophylactic administration of anti MIF antibodies to C57BL/6 mice can
increase survival from 8% to 54% following infection with TSST-1 (Calandra et al., 1998)

1.16.2 MIF in arthritic conditions

MIF has been implicated as a constitutive factor in arthritic conditions with earliest studies
successfully measuring MIF activity in synovial fluids and rheumatoid pericarditis (Geiger and
Vischer, 1976, Lohrmann et al., 1979, Andreis and Hurd, 1977). Furthermore, Mikulowska et
al., (1997) first reported a role for MIF in an animal model of rheumatoid arthritis (RA). They
showed that treatment with neutralizing anti-MIF antibodies in murine collagen induced
arthritis (CIA) resulted in a delayed onset of a milder form of this arthritic disease. These
results were further complemented by work which demonstrated that CIA was suppressed in
MIF” mice (Ichiyama et al., 2004). Studies involving human participants have shown that
MIF is overexpressed in cells and tissues in those individuals suffering from arthritis (Leech et
al.,, 1999). This increase in MIF in the joints is associated with increased severity of RA
(Morand et al., 2002) which in turn leads to an increase in matrix metalloproteinases which are
responsible for the pathological features in RA (Onodera et al., 2000, Pakozdi et al., 2006).
Furthermore, MIF has been shown to be involved in synoviocyte activation which leads to
upregulation of pro-inflammatory mediators such as cPLA;, COX2, IL-6 and IL-8 (Sampey et
al., 2001, Onodera et al., 2004, Santos et al., 2004). Finally, many studies have attempted to
identify MIF gene polymorphisms associated with susceptibility to RA. Martinez et al., (2007)
for example, reported a polymorphism in the MIF promoter region that is associated with an
increased predisposition to RA. With such an apparently prominent role for MIF in RA being
described in the literature, small molecule inhibitors of MIF are currently being developed as

therapeutic agents against this inflammatory condition (Reviewed Morand et al., 2006).

1.16.3 MIF in cancer

The ability of MIF to promote cell growth led to studies investigating a potential role for MIF
in tumorigenesis. Subsequently, an increase in MIF mRNA has been associated with many
cancers of different tissues including liver, lung, colon and prostate with some cancers
coinciding with an increase in disease severity with increased MIF mRNA levels (Akbar et al.,
2001, Kamimura et al., 2000, Shkolnik et al., 1987, Meyer-Siegler et al., 1996). Indeed, many
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of the biological activities of MIF are favourable for the development and maintenance of
tumours. MIF induced inhibition of p53-dependent apoptosis has led to suggestion that MIF
may enhance tumour cell viability which could lead to disease progression (Mitchell, 2004).
Furthermore, MIF has been shown to interact with NM23-H1, a metastasis suppressor, directly
via an interaction between MIF Cys® and NM23-H1 Cys'*®. This interaction was shown to
alleviate MIF mediated suppression of p53 apoptosis of cells. Indeed, NM23-H1 was shown to
inhibit MIF induced apoptosis of NIH 3T3 fibroblast cells with a corresponding decrease in
MIF ERK MAPK activation also being observed. These results would therefore suggest a role
for NM23-H1 as a negative regulator of MIF (Jung et al., 2008).

Other examples of roles for MIF in cancers have been described. For example, MIF is capable
of inducing angiogenesis and also promoting cell cycle progression, both of which are capable
of influencing tumour growth and development (Mitchell and Bucala, 2000, Shimizu et al.,
1999, Takahashi et al., 1999). Furthermore, there are several examples of specific cancers and
correlations between MIF and tumour growth, maintenance and development. For example,
sustained interaction of CD44, part of the MIF receptor, with Rho kinase initiates a signalling
cascade which results in tumour progression in breast cancer (Bourguignon et al., 2003).
These results are consistent with previous work which indicates a role for sustained CD44
activation in other cancers (Bourguignon et al., 2008, Bourguignon et al., 2007, Wang et al.,
2007).

1.17 MIF in parasitic infections
Roles for MIF have been described in bacterial and viral infections and are reviewed elsewhere
(Koebernick et al., 2002, Bacher et al., 2002). Herein the role of MIF in several parasitic

infections are discussed.

1.17.1 MIF in Leishmania infection

MIF has been shown to play an important role in the immune response mounted following
infection with Leishmania. Preliminary studies where recombinant human MIF was used to
stimulate macrophages infected with L. donovani led to activation of macrophage anti-
microbial pathways which suppressed parasitic growth and induced parasite killing. Indeed, in
this study a reduction of parasites by ~50-77% was recorded post incubation with rHsMIF for
48 to 72 hours. This activation was found to be amplified by LPS and unaffected by IL-4
treatment (Weiser et al., 1991). Subsequent studies showed that the delivery of human MIF,
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either alone or in combination with TNF-a and IFN-y via a delivery system involving
attenuated S. typhimurium to BALB/c mice resulted in a reduction in disease manifestations
following infection with L. major. Parasite loads were reduced by a factor of 3 and iINOS
expression was increased compared with controls. In addition, lesion development was
significantly reduced in treated animals (Xu et al., 1998). Gessner and colleagues (Juttner et
al., 1998) also demonstrated that significantly increased levels of MIF were found in the lymph
nodes of L. major-infected mice one week post infection. Subsequently, they showed MIF
induction of macrophage killing of L. major to be via a pathway which is dependent on both
endogenous TNF-a and iNOS. They also demonstrated that this pro-inflammatory MIF
activity could be inhibited by IL-10, IL-13 and TGF-.

Furthermore, additional studies in MIF”~ mice highlighted increased susceptibility to cutaneous
L. major infection as represented by the formation of larger lesions and greater parasite
burdens (Satoskar et al., 2001). Peritoneal macrophages cultured from these mice showed a
significant reduction of NO and super-oxide. = However, an increase in IL-6 production
compared to wild type mice was also observed (Satoskar et al., 2001). MIF release from
CDA4+ T cells, in addition to other mediators such as IFN-y and TNF-a, has been also shown to
contribute towards parasite destruction (Kar et al., 2004). These studies might have
implications for understanding disease in humans as increased MIF levels have been reported

in the serum of patients suffering from acute cutaneous leishmaniasis.

1.17.2 MIF in Plasmodium infection

A variety of roles for MIF in response to infection with the malarial parasite Plasmodium have
been described although very often these differences can be accounted for in significant part
due to the diversity of the disease manifestations and patient conditions in different studies.
MIF has been shown to be released from macrophages following ingestion of P. chabaudi
infected erythrocytes with an increase in MIF secretion correlating with worsening disease
severity (Martiney et al., 2000. Furthermore, MIF has been suggested as the unknown host
derived factor which is involved in suppression of erythropoiesis (Martiney et al., 2000).
Nevertheless further studies found a decrease in MIF production during P. falciparum infection
as measured in the peripheral plasma (De Mast et al., 2008). Interestingly, a decrease in
plasma MIF has also been reported to coincide with a lower number of circulating lymphocytes
in experimental P. falciparum infection (De Mast et al., 2008). However, in the placental

plasma a significant increase in MIF is observed in humans infected with P. falciparum despite
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a reduction in IL-12 (Chaiyaroj et al., 2004). A study in children with non cerebral malaria
also reported a decrease in circulating MIF to levels ~1-4ng/ml compared with a post mortem
study of children with cerebral malaria which were found to have virtually no MIF at all
present in the cerebral area (Clark et al., 2003). Indeed, MIF has been associated with
pathophysiological consequences of malaria including malaria anaemia, despite reports that
MIF expression is decreased during infection. McDevitt et al., (2006) reported that MIF
synergized with IFN-y and TNF-o which are known antagonists of hematopoeisis.
Furthermore, they showed MIF inhibited erythroid differentiation and haemoglobin production

whilst MIF”" mice showed increased survival following P. chabaudi infection.

1.17.3 MIF in Trypansoma infection

At present, there are only a few published investigations that describe the role of MIF in T.
cruzi infection. Reyes et al., (2006), demonstrated that MIF” mice developed higher
parasitaemia and lower levels of pro-inflammatory cytokines IL-12, IL-18, IL-1p and TNF-a
and consequently reduced NK cell activation than control mice. These results therefore
suggest a role for MIF in host resistance to T. cruzi. The authors also reported that adaptive
immunity was unaffected in MIF”" mice contrary to previous reports indicating that MIF was

critical for adequate T cell activation and proliferation (Bacher et al., 1996).

1.17.4 MIF in Toxoplasma infection

Igarashi et al., (1979) first identified MIF in the supernatants from spleen cells in mice infected
with T. gondii. Recently, Ferro et al., (2008) investigated the effect of soluble T. gondii
antigen (STAg) on MIF expression in human first trimester placenta. The authors showed an
increase in MIF production from chorionic villious explants treated with STAg 24 hours post
incubation. Throughout pregnancy, steroid hormones are steadily increased including cortisol,
which has immunosuppressive effects which decreases immunity to infections such as T.
gondii. However, the ability of MIF to override GC activity, such as cortisol, is well
documented (Calandra et al., 1995). Therefore, similar to what has been suggested for malarial
parasites, MIF may be acting with other mediators such as IFN-y to resolve T. gondii infection
during the first trimester (Chaisavaneeyakorn et al., 2002). However, at present the impact of
this specific response involving upregulation of MIF has not been studied in terms of
consequence for the unborn foetus. Furthermore, the authors also showed that in keeping with

previous literature, MIF induced increased expression of ICAM-1 in the syncytiotrophoblast
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and adhesion of THP-1 cells to villious explants (Burger-Kentischer et al., 2006, Amin et al.,
2006).

Further studies have revealed that MIF” BALB/c mice have increased susceptibility to both
RH and ME49 strains of T. gondii compared with wild type mice. This increased susceptibility
is associated with greater tissue pathology, greater parasite burdens and mortality (Flores et al.,
2008). Furthermore, the production of IL-1p, 1L-12, IL-18, TNF-a, IFN-y and NO was
significantly reduced in MIF”" BALB/c mice, a finding which is consistent with previous
studies that demonstrate that MIF promotes IL-12 and TNF-a production from macrophages
(Calandra and Roger, 2003). Also, MIF” bone marrow DCs displayed lower transcripts for
IL-2p19/p35/p40 in addition to IL-1B and TNF-a. Furthermore, compared to wild type
controls, peritoneal exudate cells from ME49 infected MIF” mice were found to have reduced
levels of TNF-aR, IFN-yR and TLR-4 resulting in an impairment of pro-inflammatory
responses. A comparison of susceptible C57BL/6 with resistant BALB/c mice revealed
significantly reduced mRNA levels of MIF in C57BL/6, an observation which was mirrored by
MIF concentration in the plasma compared to BALB/c (Flores et al., 2008).

Finally, a preliminary study of MIF activity in humans during Toxoplasma infection has been
carried out. Flores et al., (2008) showed that non-AIDS patients who suffered from
toxoplasmic encephalitis had significantly reduced levels of MIF in the brain compared with

patients who died from fungal infection of the brain.

1.18 Parasite MIF homologues

The MIF protein is highly conserved with many homologues known to exist in various
parasites such as Plasmodium spp., Ancylostoma spp. and Toxoplasma gondii (Augustijn et al.,
2006, Cho et al., 2007). Outlined below are the main characteristic features of selected

parasites.

1.18.1 Brugia malayi MIF

In 1998, Pastrana et al., described the first characterisation of a homologue of a human
cytokine from a parasitic species. Characterisation of recombinant B. malayi MIF (BmMIF)
revealed conservation of mammalian MIF functions including migration inhibitory and

chemotactic activities on human monocytes/macrophages. In addition, BmMIF was shown in
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later studies to induce eosinophil recruitment in vivo when injected into the peritoneal cavity of
mice. This was associated with a corresponding increase in eosinophil chemotactic factor 1, or
Ym-1, with previous studies demonstrating a role for Ym-1 in eosinophil recruitment both in
vivo and in vitro (Falcone et al., 2001, Owhashi et al., 2000). These results would therefore
suggest an important link between macrophage activation and eosinophil chemoattraction
elicited by BmMIF in helminth-induced inflammatory responses. Interestingly, eosinophil
recruitment is not an attribute associated with human MIF, although eosinophils do secrete
human MIF (Falcone et al., 2001).

Later studies identified a second homologue of BmMIF (BmMIF-2) in the B. malayi Expressed
Sequence Tag (EST) project (Zang et al., 2002). BmMIF and BmMIF-2 have 40% and 27%
sequence identity with human MIF, respectively and both homologues show conservation of
structure with HsMIF (Pastrana et al., 1998, Zang et al., 2002). Both homologues have been
shown to have an active L.DOPA methyl ester tautomerase activity whilst immunologically
they can drive IL-8, TNF-a and endogenous MIF from activated macrophages (Zang et al.,
2002). Therefore, Brugia MIFs elicit similar pro-inflammatory effects on macrophages to
mammalian MIFs. However, chronic helminth infection is typically associated with a type-2
anti-inflammatory response in which alternatively activated macrophages are prominent (Loke
et al., 2000). In particular, BmMIFs were shown to up regulate the IL-4Ra on macrophages
and enhance alternative activation of macrophages induced by IL-4 (Prieto-Lafuente et al.,
2009). This is in keeping with previous results in which an increase in Ym1 was observed
following BmMIF administration into the murine peritoneal cavity (Falcone et al., 2001).
However, in vivo alternative activation of macrophages by BmMIFs was not observed with
murine MIF. Murine MIF alternative activation of macrophages may therefore require
additional components such as IL-4 produced as a result of the adaptive immune response
(Prieto-Lafuente et al., 2009). The authors therefore suggest that depending on the milieu
composition MIF may mediate alternative macrophage activation.

Finally, despite the overwhelming evidence for MIF as a pro-inflammatory mediator, its
involvement in the inactivation of Jab-1 suggests a contradictory anti-inflammatory role. It is
proposed that high concentrations of human MIF may in fact block pro-inflammatory cytokine
gene expression in a negative feedback mechanism and subsequently, the secretion of BmMIF
homologues by the nematode is an attempt to contribute towards such an effect (Bucala, 2000,
Zang et al., 2002).
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1.18.2 Trichinella spiralis MIF

A homologue of mammalian MIF has also been isolated from the nematode species Trichinella
spiralis (Pennock et al., 1998, Tan et al., 2001). T. spiralis MIF (TsMIF) has been shown to
exhibit L.DOPA methyl ester tautomerase activity, which is even greater than that of HsMIF
and any other homologue which has been characterised to date (Tan et al., 2001). Structural
studies revealed TsMIF to have a conserved global topology similar to that of HsMIF.
However, differences in amino acid residues in the active site results in a shortened
hydrophobic pocket which facilitates tautomerisation of L.DOPA methyl ester exceptionally
well but not p-hydroxyphenyl-pyruvate (Tan et al., 2001). Immunologically, TsMIF exhibited
an effect on monocyte migration whereby TsMIF increased the migration of monocytes

towards the source by 69% compared with 42% with recombinant HsMIF.

1.18.3 Eimeria tenella MIF

A homologue of MIF in the apicomplexan E. tenella was recently characterised by Miska et
al., (2007). E. tenella MIF (EtMIF) has 53% amino acid sequence identity with HsMIF and
modelling software predicts conservation of the MIF trimer architecture in this homologue.
Highest levels of MIF transcripts were detected in merozoites with lower quantities in
sporulated and unsporulated oocysts. MIF transcripts were undetectable in sporozoites (Miska
et al., 2007). Finally, phylogenetic analysis reveals that Apicomplexan MIF sequences have a
relationship with MIF-like sequences identified from Arabidopsis thaliana (Miska et al.,
2007).

1.18.4 Plasmodium falciparum MIF

In recent years, a MIF homologue has been identified in Plasmodium falciparum, that is
constitutively expressed throughout the parasite’s life cycle (Augustijn et al., 2006). The P.
falciparum MIF homologue (PfMIF) has 29% identity and 39% similarity when compared with
HsMIF and the structure is conserved with HsMIF. Of interest, Augustijn et al., (2006) first
noted that conserved residues consistent between both MIF proteins were most abundant
around the active site for tautomerase activity and less so for oxidoreductase activity.
Therefore, measurement of a strong tautomerase activity for p-hydroxyphenylpyruvate from C-
terminally his tagged PfMIF was not unexpected. Unlike other parasite MIFs that have only
low levels of oxidoreductase activity, PFMIF was found to possess approximately 20% of the
oxidoreductase activity reported for HsMIF. This activity accounts for one of the few cases of

a functional oxidoreductase with considerable activity in a parasitic homologue. The PfMIF is
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immunologically active and is capable of inhibiting the random migration of monocytes whilst
also reducing surface expression of TLR-2, TLR-4 and CD86 on stimulated macrophages
(Cordery et al., 2007). Interestingly, PFMIF chemotactic activity was observed at lower
concentrations than observed with HsMIF (Shao et al., 2008).

Construction of knock out parasites revealed PFMIF is not an essential protein for the parasite
at any stage of its life cycle (Augustijn et al., 2006). Furthermore, this study also revealed that
PfMIF binds the same surface receptor as human MIF-CD74. Interestingly, initial findings
indicate that PFMIF binds CD74 with greater affinity than HsMIF (Augustijn et al., 2006).
Furthermore, PfMIF is capable of physically binding Jab-1 and regulating gene expression by
inhibiting the transcription factor activator protein-1 (AP-1), an activity that in HSMIF has
been demonstrated to be dependent on the oxidoreductase region (Kleemann et al., 2000). Of
interest, PFMIF has recently been identified from the sera of malaria patients (Shao et al.,
2008).

It would seem counter productive for the parasite to produce a protein which could ultimately
lead to its expulsion from the host. Despite being a potent pro-inflammatory mediator, human
MIF has also been shown to interact in anti-inflammatory pathways either by engagement with
Jab-1 or via a mechanism dependent on concentration. Therefore, Augustijn et al., (2006) have
suggested that the production of the MIF protein homologue by P. falciparum is an attempt by

the parasite to modulate host immunity from an inflammatory to an anti-inflammatory state.

In addition, Waters and colleagues have also described the characterisation of P. berghei MIF
(PbMIF) (Augustijn et al., 2006). Expression of PbMIF peaks in the trophozoite stages and is
indeed expressed throughout all stages of the life cycle. PbMIF shares great homology with
PfMIF although, PbMIF catalyses tautomerase activity and oxidoreductase activity less well
than PTMIF.

1.18.5 Leishmania major MIF

Completion of the L. major genome in 2005 revealed two genes which had substantial
homology with human MIF (lvens et al., 2005). One of these homologues, Lm1740MIF, was
produced and was shown to exhibit a tautomerase activity which was 13 fold lower than
Human MIF for L.DOPA methyl ester which was unaffected by the MIF inhibitor ISO-1

(Kamir et al., 2008). Later studies detail the second L. major MIF homologue to be completely
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inactive of tautomerase activity (Richardson et al., 2009). Lm1740MIF was shown to stimulate
monocyte migration which was unaffected by treatment with 1SO-1.  Furthermore,
Lm1740MIF binds CD74 with a 3 fold lower affinity than human MIF for CD74. Following
interaction with CD74, Lm1740MIF was shown to affect host cell responses by activating
ERK1/2 MAPK pathways whilst also having an inhibitory effect on host cell
monocyte/macrophage apoptosis associated with a decrease in phosphorylated p53 following
addition of apoptosis inducer SNP. It is suggested that such activity would contribute towards
parasite survival within the macrophage, indicating Lm1740MIF is a virulence factor (Kamir et
al., 2008).
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1.19 Objectives

The enzymatic and biological characteristics of mammalian MIF have been well characterised
in the past 45 years. Subsequently, a role for MIF has been described in many infections and
diseases (Heumann et al., 1995, Ichiyama et al., 2004, Akbar et al., 2001). Furthermore,
identification and characterisation of homologues of MIF in several parasitic species including
B. malayi, L. major and P. falciparum has indicated potential immunomodulatory roles for

these secreted proteins (Pastrana et al., 1998, Kamir et al., 2008, Augustijn et al., 2007).

The ubiquitous protozoan parasite T. gondii, which is easily transmitted throughout a huge
animal reservoir, has evolved many strategies for modulating and evading host immune
responses including secretion of parasite-derived molecules such as profilin and cyclophilin 18
(Yarovinsky et al., 2005, Ibrahim et al., 2009). Therefore, the identification of MIF
homologues in other Apicomplexan parasites prompted suggestion that a homologue of MIF
may be found in the T. gondii genome, which may exhibit immune modulatory properties.

Towards an understanding of the role of T. gondii MIF, the following aims were formulated:

e Clone, express and purify recombinant C-terminally His-tagged MIF

e Assess biochemical properties of TgMIF and where possible determine enzyme Kinetics
of tautomerase and oxidoreductase activities

e Determine TgMIF crystal structure

e Characterise the immunological activity of recombinant endotoxin-free TgMIF in vitro
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Chapter 2

Cloning, expression and purification of TgMIF
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2.0 Abstract

A single copy of the MIF gene is found within the T. gondii genome which has 25% and 23%
identity with human and mouse MIF, respectively. TgMIF was amplified from tachyzoite
cDNA RH strain and ligated into expression vetor pET21a. Soluble recombinant TgMIF was
then expressed in a bacterial expression system before undergoing purification and an
endotoxin removal procedure.  Purified, endotoxin free protein was then used for the
generation of mouse polyclonal antibodies which were then subsequently used to confirm the
presence of secreted TgMIF from RH tachyzoites.

2.1. Introduction

The T. gondii genome encodes a single copy of a homologue of macrophage migration
inhibitory factor (MIF) (Accession number DQ344450). MIF is expressed throughout a wide
range of phyla including mammals. While the role(s) of this protein is not known in many
phyla, in mammals it is known to function as a primarily pro-inflammatory cytokine secreted
by many cells including monocytes, macrophages, T cells and eosinophils. Subsequently, MIF
is associated with a diverse range of biological functions. As the name suggests, MIF was
originally described according to its ability to inhibit the random migration of macrophages
(Bloom and Bennett, 1966 and David, 1966). However, MIF is now known to induce ERK-
MAPK activation (Mitchell et al., 1999) which can lead to the downstream production of other
pro-inflammatory mediators including TNF-o, IL-6 and IL-8. MIF homologues have also been
identified in other and have subsequently been shown to modulate host immune responses in
the course of infection. Consequently it was considered worthwhile to investigate a MIF
homologue in T. gondii (TgMIF) which could potentially influence the development and

maintenance of the host immune response and therefore the pathogenesis of infection.

In this chapter TgMIF is cloned and recombinant TgMIF is produced in a bacterial expression

system. Production of recombinant TgMIF will facilitate later studies in this thesis.
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2.2. Materials and Methods

2.2.1 Bioinformatical analysis

MIF sequences from VEG, ME49, GT-1 (T. gondii strains) and Neospora caninum were
retrieved from the T. gondii genome project (http://toxodb.org). All other MIF sequences were

acquired from NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez) with the exception of P.

falciparum which was retrieved from the Plasmodium genome project (http://plasmodb.org).

Sequence alignments were performed using Vector NT1 (Invitrogen, Paisley, UK).

2.2.2 Maintenance of Toxoplasma gondii RH (Type-1) strain

T. gondii tachyzoites were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) with L-
glutamine and HEPES supplemented with 10% heat inactivated FCS, 100U/ml penicillin
(Cambrex Bioscience, Veniers, Belgium), 100ug/ml streptomycin (Cambrex Bioscience,
Veniers, Belgium) and 50U/ml amphotericin B (Cambrex Bioscience, Veniers, Belgium). RH
tachyzoites were routinely maintained in human foreskin fibroblast (HFF) cells in 75cm? tissue
culture flasks (TPP, Trasadingen, Switzerland) in 10ml of the parasite culture media detailed
above at 37°C and 5% CO,. Tachyzoites were then harvested once ~80% parasites were
intracellular. Parasites were harvested from infected cells with a 24cm cell scraper (TPP,
Trasadingen, Switzerland) and diluted 10x in parasite culture medium and passed to a new
confluent flask of HFFs.

2.2.3 RNA isolation

Toxoplasma tachyzoites, which had been maintained in HFF cells, were harvested from
T75cm? tissue culture flasks for extraction of RNA. Typically, 10° parasites were harvested in
Iml Trizol. RNA was then isolated using the Chomczynski and Sacchi (1987) method of
extraction. To expand, samples stored in Trizol (Invitrogen, Paisley, UK) were lysed by
resuspension in a 25 gauge syringe prior to the addition of 0.5ml chloroform (Sigma-Aldrich)
and centrifugation at 10,000g for 15 minutes at 4°C to separate the aqueous and organic
phases. The aqueous layer was retained and the RNA was recovered by precipitation with
0.6ml isopropanol (Sigma-Aldrich).  Samples were incubated for 10minutes at room
temperature before centrifugation at 10,000g for 10minutes at 4°C after which the isopropanol
(Sigma-Aldrich) was removed using a syringe being careful not to disturb the RNA pellet. At
this point, 0.5ml Trizol (Invitrogen) was added to samples and centrifuged at 10,000g for
15minutes at 4°C. The process outlined above from retention of the aqueous layer was

repeated after which the RNA pellet was washed in 1ml 70% ethanol (Sigma-Aldrich) before

68


http://www.ncbi.nlm.nih.gov/sites/entrez

centrifugation at 7000g for 15minutes at 4°C. The ethanol was removed and dried under a
hood for 15minutes prior to the addition of 50ul molecular grade water (Invitrogen). RNA was
solubilised at 65°C for 5 minutes. Samples were then quantified on a spectrophotometer, with

typical yields of 2000-3000ug/ml being recorded.

2.2.4 Testing RNA for gDNA contamination

In order to ensure RNA samples were free from genomic DNA (gDNA) contamination, tata
box binding protein (TBP) (192bp) was amplified by polymerase chain reaction (PCR) from
each sample. PCR reactions containing 12.5ul 2x ReddyMix (1.5mM MgCl,) (ABGene,
Epsom, UK), 10.5ul molecular grade water (Sigma-Aldrich, Poole, UK) and 25pmol of each
forward and reverse primer and 1ul RNA derived from RH strain mRNA. For negative
controls, 1pul molecular grade water was added instead of cDNA. PCR reactions were
performed using the following thermal profile: 1 cycle at 95°C for 3 minutes, 40 cycles of
95°C for 30 seconds, annealing temperature for 45 seconds, 70°C for 60 seconds. This was
followed by a final elongation step of 70°C for 10 minutes. Samples were kept at 4°C until
analysis by agarose gel electrophoresis when PCR products were loaded on to a 1.8% agarose
gel, containing 0.00003% ethidium bromide (Sigma-Aldrich) and ran at 120 volts for
approximately 50 minutes. PCR products were then visualised by UV transillumination (VWR
GenoSmart, Lutterworth, UK) and bands of 192bp, representative of TBP, indicated gDNA
contamination. Contaminated samples were treated with 1yl DNase | amplification grade
(Invitrogen, Paisley, UK) for 1 hour at 37°C. Samples were treated with DNase and tested by

PCR until RNA samples were deemed to be free of contamination.

2.2.5 cDNA synthesis

cDNA was synthesised from 2ug RNA in a reaction with 1ul random primers to which
molecular grade water (Invitrogen) was added to a final volume of 14.2ul. Samples were then
incubated at 65°C for 5 minutes and then slowly cooled to room temperature for 10 minutes to
allow primers to anneal. To each sample, 2ul 10xAffinityScript Reverse Transcriptase buffer,
2ul 100mM DTT, 0.8ul 100mM dNTP mix and 1pl Affinity Script Multiple Temperature
Reverse Transcriptase was added. Samples were then incubated at 25°C for 10minutes, 55°C
for 1 hour and 70°C for 15 minutes. cDNA samples were then tested by PCR (see chapter
2.2.4) by amplification of TBP.
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2.2.6 Amplification of TgMIF by Polymerase Chain Reaction (PCR) from RH
cDNA

TgMIF was amplified by PCR reactions containing 12.5ul 2x ReddyMix (1.5mM MgCl,)
(ABGene, Epsom, UK), 10.5ul molecular grade water (Sigma-Aldrich, Poole, UK) and 25pmol
of each forward and reverse primer and 1ul ¢cDNA derived from RH strain mRNA. For
negative controls, 1ul molecular grade water was added instead of cONA. PCR reactions were
performed using the following thermal profile: 1 cycle at 95°C for 3 minutes, 40 cycles of
95°C for 30 seconds, annealing temperature for 45 seconds, 70°C for 60 seconds. This was
followed by a final elongation step of 70°C for 10 minutes. Samples were kept at 4°C until
analysis by agarose gel electrophoresis when PCR products were loaded on to a 1.8% agarose
gel, containing 0.00003% ethidium bromide (Sigma-Aldrich) and ran at 120 volts for
approximately 50 minutes. PCR products were then visualised by UV transillumination (VWR

GenoSmart).

2.2.7 Extraction of DNA from Agarose Gel

PCR products were excised from the agarose gel using a sharp scalpel and subsequently DNA
was extracted using Qiagen Gel Extraction kit (Qiagen, Crawley, UK) according to the
manufacturer’s instruction. The excised gel slice was weighed and dissolved by incubation at
50°C for 10 minutes in 3 volumes of Buffer QG per 1 gel volume. In order for nucleic acids to
precipitate, 1gel volume of isopropanol was added to the column prior to centrifugation at
9400g for Iminute. The DNA was then washed in 750ul Buffer PE and subject to a final ‘dry
spin’ before the DNA was eluted in 30ul Buffer TE. DNA was then quantified using a
spectrophotometer.

2.2.8 Plasmid and PCR product restriction enzyme digest

In preparation for ligation, 10ul plasmid (pET21a)/PCR product (TgMIF) were incubated
withlul Ndel (Promega, Southampton, UK), 1ul XAol (Promega), 2l buffer D (Promega) in a
final volume of 10pl at 37°C for 2 hours.

Following digest, PCR products were purified using Qiagen DNA clean up kit (Qiagen)
according to the manufacturer’s instructions. In brief, to the restriction enzyme digest reaction,
100ul Buffer PB was added before addition of the complete reaction mixture to a MinElute

spin column. Columns were then washed with 750ul Buffer PE. Finally, the column was spun
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dry for 1 minute before the DNA was eluted into a clean microcentrifuge tube in 10ul Buffer

EB.

Following digest, linearised plasmid (pET21a) was run on an agarose gel and the plasmid band
was excised and subject to purification by MinElute Gel Extraction kit (Qiagen) as described

above.

2.2.9 Ligation

The excised DNA fragment, TgMIF, was ligated into a cloning vector, pET21a (Novagen). In
a 10ul reaction, 3ul of TgMIF PCR product was added to 5ul pET21a (plasmid), 1ul T4 ligase
(Invitrogen) and 1pul T4 ligase buffer (Invitrogen). The ligation mixture was incubated at 4°C

overnight.

2.2.10 Competent Cell Preparation

A colony of DH5a/BL21 cells were selected from an agar plate and inoculated in 10ml of LB
broth (USB corporation. Cleveland, USA) which was subsequently incubated at 37°C on a
rotary shaker (225rpm) overnight. 5ml of the bacterial broth was transferred aseptically to
100ml of LB broth and incubated at 37°C for 1-2 hours on a rotary shaker (225rpm) to a cell
density of ODsgp 0.5. The culture was then incubated on ice for 15 minutes, followed by
centrifugation at 685g for 5 minutes. Subsequently, the supernatant was removed and the
bacterial pellet was resuspended in 10ml of TFB1 (transformation buffer 1: 100mM RbClI,
50mM MnCl,, 30mM KCI, 10mM CaCl,, 15% glycerol, pH5.8 ). The culture was then placed
on ice for 90 minutes which was proceeded by centrifugation of the bacterial culture at 6859
for Sminutes. The supernatant was removed and the bacterial pellet resuspended in 2.8ml
TFB2 (transformation buffer 2: 10mM MOPS, 10mM RbCI, 75mM CaCl,, 15% glycerol, pH7)
and incubated on ice for one hour. 100l aliquots of the competent cells were placed into

1.5ml microcentrifuge tubes and stored at -70°C.

2.2.11 Transformation of Competent Cells

In a transformation reaction, 2.5ul of ligation mixture was added to 50ul of BL21 chemically
competent bacteria (Invitrogen) and incubated on ice for 20 minutes. Bacteria were then heat
shocked by placing in a water bath at 42°C for 2 minutes followed by a further 2 minute
incubation on ice. 200ul of LB broth was added to the transformed culture which was then

incubated at 37°C for one hour on a rotary shaker (225rpm) (Cohen et al., 1972).
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Transformed cells were spread aseptically on an LB agar plate (USB corporation, Amsterdam,
The Netherlands) which had been previously coated with ampicillin (USB corporation), final

concentration 100pg/ml, and incubated at 37°C overnight.

2.2.12 Colony screening
A colony was selected from the agar plate then added aseptically to LB broth containing 10ul
ampicillin and incubated overnight at 37°C on a rotary shaker (225rpm).

2.2.13 Plasmid purification

To purify the plasmid from the bacterial culture, three 1.5ml aliquots of the bacterial culture
were centrifuged at 9400g for 1 minute, producing bacterial pellets. Purification was then
carried out using QIAprep® spin Miniprep Kit (Qiagen). Briefly, pellets were resuspended in
a total volume of 250l resuspension Buffer P1 before the addition of 250ul lysis Buffer P2, to
which 350pul neutralisation Buffer N3 was added. Samples were then centrifuged for 10
minutes at 94009 after which the supernatants were applied to a QIAprep Spin Column and
spun again at 9400g for Iminute. The column was then washed by the addition of 750ul
Buffer PE before a final elution of the plasmid DNA in 50ul Buffer EB into a clean

microcentrifuge tube.

2.2.14 Screening by restriction enzyme digest

In order to ensure successful cloning of TgMIF into pET21a, Sul purified plasmid was digested
with 1ul Ndel, 1ul Xhol, 1ul Buffer D and 2ul molecular grade water and then incubated at
37°C for 2 hours. Digest products were visualised on a 1.8% agarose gel (see chapter 2.2.4).

Clones were sequenced by Geneservice (Cambridge, UK) to confirm successful amplification

of the entire TgMIF gene.

2.2.15 SDS-PAGE

Preparation of one polyacrylamide gel comprised of a 14% resolving gel which consisted of
4.5ml deionised water, 2.8ml ProSieve 50 gel solution (Cambrex, UK), 2.5ml 1.5M Tris HCI
pH 8.8, 100ul 10% SDS solution, 4ul TEMED (Sigma-Aldrich) and 0.1ml APS (Sigma-
Aldrich). The gel was then added to a preassembled cassette (Invitrogen, Paisley, UK) on top
of which a layer of water was also added. The gel was then allowed to solidify. Following

solidification, the water layer was removed and 3mls stacking gel was added consisting of
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2.25ml deionised water, 300ul ProSieve50 gel solution (Cambrex), 390ul 1M Tris HCI, pH6.8,
30ul 10% SDS solution, 3ul TEMED (Sigma) and 10ul APS (Sigma).

2.2.16 Small Scale Protein Expression

A colony of BL21 cells containing pET21la+TgMIF was picked from an agar plate and
inoculated into a 10ml LB broth, containing 10ul ampicillin (100mg/ml), and incubated at
37°C overnight with shaking at 225rpm. 1ml of the overnight culture was added to a fresh
10ml broth and incubated at 37°C with shaking at 225rpm until an O.Dggo 0.6 was achieved. A
Iml pre-induced sample was taken. Protein expression was then induced with 1mM IPTG
(ABgene) at 30°C overnight. An uninduced control was also incubated. 1ml samples were
taken following the overnight incubation which were subsequently centrifuged for one minute
at 9400g. The supernatant was discarded and the pellet was resuspended in 50ul PBS pH7.4 to
which a further 50ul sample buffer was added. Samples were boiled and then ran on a
polyacrylamide gel at 120 volts for 1 hour and 30 minutes. Following this, the gel was then
separated from the cassette and placed in 40mls Coomassie® blue overnight, after which, the
gel was destained in destaining buffer (10% acetic acid, 10% methanol) until bands were

visible.

2.2.17 Solubility

Protein expression was induced as detailed previously. Induced broths were then centrifuged
for 5 minutes at 6000g and pellets were resuspended in 5mls PBS containing protease
inhibitors (Roche biochemicals, Lewisham, UK). Broths were sonicated using Sonics Vibra
Cell at 60kHZ. Samples were sonicated on ice for 6 x 10 second pulses with intermittent
breaks followed by centrifugation for 5 minutes at 6000g and 4°C. The pellet was then
resuspended in 5mls of PBS and protease inhibitors (Roche Biochemicals), following
separation from the supernatant. The resuspended pellet and supernatant were then frozen
overnight at -20°C. Once more, the resuspended pellet and supernatant were sonicated for 12 X
10 second pulses with intermittent breaks followed by centrifugation for 5 minutes at 6000g at
4°C and the new pellets were then resuspended in 5mls of PBS and protease inhibitors (Roche
Biochemicals), following separation from the supernatant. Samples from the sanitation
procedure were run on a polyacrylamide gel alongside a protein marker (Promega) at 120 volts
for 1 hour and 30 minutes.
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2.2.18 MALDI-TOF mass spectrometry
Bands thought to be representative of TgMIF were excised from acrylamide gel and sent to the

proteomics facility at the University of Glasgow for MALDI-TOF mass spectrometry.

2.2.19 Large Scale Protein Expression and Purification

A colony of BL21 cells containing pET21a+TgMIF was selected from an agar plate and
inoculated into a 10ml LB broth and incubated at 37°C overnight. 5ml of the overnight culture
was added to a fresh 1L broth and incubated at 37°C until an O.Dgy 0.6 was achieved. Protein
expression was then induced with 1ImM IPTG (ABgene) at 30°C overnight. The cells were
harvested by centrifugation at 6000g for 20minutes and the resulting pellet was resuspended in
20ml lysis buffer (50mM NaH,PO,4, 300mM NaCl, 10mM imidazole, pH8) prior to incubation
with 100ul lysozyme (1mg/ml) at 4°C for 30mins. The lysate was then sonicated for 6 x 30

seconds with equal intermittent breaks followed by centrifugation at 6000g for 30 minutes.

2.2.20 Protein purification

A polypropylene column was packed with 1ml Ni-NTA agarose and allowed to solidify before
equilibration with 10ml lysis buffer. Following equilibration, supernatant from the previous
step was added and allowed to pass through the column by gravity flow. Flow through
samples were collected for analysis by SDS PAGE. Once the lysate had passed through the
resin, the column was washed with 30ml wash buffer (50mM NaH2PO,4, 300mM NaCl, 20mM
imidazole, pH8). Finally, purified protein was eluted in 100ul fractions in elution buffer
(50mM NaH,PQO,4, 300mM NaCl, 500mM imidazole, pH8).

2.2.21 Protein Estimation by bicinchoninic acid (BCA) assay

Protein concentration was quantified using BCA assay (Pierce Rockford, UK). To a 96 well
plate, 10ul standard (2-> 0.025mg/ml) and 10ul sample were added in duplicate to appropriate
wells. To each well, 200ul working reagent(Reagent B: Reagent A 1:50) was added before the
plate was covered in tin foil and incubated at 37°C for 30minutes. The plate was then read at

562nm on a SpectraMax (Molecular Devices, Sunnyvale, USA).

2.2.22 Western Blot Analysis
Proteins were transferred from a polyacrylamide gel (described above) to a nitrocellulose
membrane (Amersham Biosciences, Little Chalfont, UK) using the Novex Xcell Blot Module

(Invitrogen) at 30volts for 90 minutes. The membrane was blocked for 2 hours with 20ml
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0.2% BSA in NATT buffer (50mM Tris-HCI, 150mM NacCl, 0.2% (v:v) Tween 20) after which
the membrane was incubated overnight at 4°C with an anti his antibody (1:1000 dilution) (Cell
Signalling Technology, Massachusetts, USA). The following morning, the membrane was
washed with NATT buffer for 90minutes, changing the wash buffer every 15 minutes. Anti-
rabbit IgG HRP-linked secondary antibody (Cell Signalling Technology, Massachusetts, USA)
was diluted 1:1000 in 0.2% BSA in NATT and incubated with the membrane for two hours at
room temperature. Following this, the membrane was washed with NATT buffer for
90minutes, changing the wash buffer every 15 minutes. Antibody binding was measured by
chemiluminescence and the incubation of 2ml ECL substrate (Pierce) for two minutes before
the membrane was pressed in a cassette for 1 minute. The film was then developed by a Kodak
M-35-M- X-OMAT processor.

2.2.23 Generation of polyclonal anti-TgMIF antibodies

In order to generate polyclonal antibodies, 5 female BALB/c mice were injected
subcutaneously into the rump with 100pug TgMIF absorbed in ALUM. Two weeks following
injection, tail bleeds were taken to confirm the presence of anti TgMIF antibodies. Four weeks
post-injection blood samples were collected by cardiac puncture and plasma was collected by

centrifugation of samples at 9400g for 5 minutes.

2.2.24 Preparation of T. gondii supernatants

The media from a flask of HFF’s infected with T. gondii RH tachyzoites was collected and
concentrated using 5000MWCO Vivaspin columns (Sartorius, Goettingen, Germany).
Concentrated protein was collected following a single centrifugation step and quantified by
BCA assay. Samples were prepared for SDS-PAGE by the addition of sample buffer (0.5M
Tris HCI, 20% Glycerol, 5% 2-mercaptoethanol, 5% (0.1% wi/v) bromophenol blue, 40% (10%
w/v) SDS) followed by boiling to denature the proteins. 5Sug was added to each well of an
polyacrylamide gel.

2.2.25 Preparation of T. gondii Excretory/Secretory Antigen (ESAQ)

T. gondii RH tachyzoites were adjusted to 1x10” parasites/ml and incubated in sterile PBS and
1% FCS for 3 hours (Henrigquez et al., 2005). Following incubation, parasites were centrifuged
for 15minutes at 9400g after which the supernatant was removed and centrifuged for a second

time for 15minutes at 9400g. The supernatant was recovered and quantified by the BCA assay.
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Samples were prepared for SDS-PAGE by the addition of 2xsample buffer, followed by

boiling to denature the proteins. Sug was added to each well of an acrylamide gel.

2.2.26 Anti-TgMIF Western Blot

Proteins were transferred from a polyacrylamide gel (described above) to a nitrocellulose
membrane (Amersham Biosciences) using the Novex Xcell blot Module (Invitrogen) at 30
volts for 90 minutes. The membrane was blocked for 2 hours with 20mls 0.2% BSA in NATT
buffer (50mM Tris-HCI, 150mM NaCl, 0.2% (v:v) Tween 20) after which the membrane was
incubated overnight at room temperature with an anti-TgMIF antibody (1:7500 dilution). The
following morning, the membrane was washed with NATT buffer for 90minutes, changing the
wash buffer every 15 minutes. Anti- mouse 1gG HRP linked secondary antibody was diluted
1:10000 in 0.2% BSA in NATT and incubated with the membrane for two hours at room
temperature. Following this, the membrane was washed with NATT buffer for 90minutes,
changing the wash buffer every 15 minutes. Antibody binding was measured as previously

described.
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2.3 Results
2.3.1 Bioinformatical analysis of MIF homologues found in different strains of T.

gondii and other Apicomplexa

Alignments of MIF genes from four strains of T. gondii (RH, GT1, ME49, VEG) were
assembled and analysed using Vector NTI (Invitrogen) (Figure 2.1a). Sequence identity
between all strains is 99.7% with the only difference in nucleotide sequence being observed at
position 21. In GT1 strain, a thymine (T) is replaced with a cytosine (C). However, this
substitution is not observed in any of the other strains analysed and does not result in an amino

acid change.

Amino acid sequence alignments between Human MIF(HsSMIF), Mouse MIF(MmMIF),
TgMIF and other Apicomplexan MIFs (P. falciparum, E. tenella and N. caninum) were
assembled and analysed using VectorNTI (Invitrogen) (Figure 2.1B). Sequence identity
between TgMIF and HsMIF, MmMIF, PfMIF, EtMIF and NcMIF was 25.9%, 23.3%, 43%,
32.6% and 76.6% respectively (Figure 2.1B).

No classical von Heijne secretory signal has been identified in TgMIF. This is similar to other
MIFs, where the lack of an N-terminal signal sequence for protein targeting to secretory

organelles is evident.

2.3.2 Amplification of TgMIF from tachyzoite and bradyzoite cDNA

In order to determine the expression profile of TgMIF, the gene was amplified from tachyzoite
and bradyzoite cDNA (Figure 2.2) by conventional RT-PCR using a standard PCR protocol at
an annealing temperature of 64°C and PCR products were visualised on a 1.8% agarose gel

containing ethidium bromide. A PCR product of 351bp was observed in the both stages.

2.3.3. Amplification of TgMIF from tachyzoite cDNA RH strain for ligation into
expression vector pET21a

TgMIF was amplified from tachyzoite cDNA RH strain using forward primer 5-
GGGGCATATGCCCAAGTGCATGATCTTTTGCC-3 and reverse primer 5-
GGGGCTCGAGGCCGAAAGTTCGGTCGCCCATGGC-3" which were engineered to
contain restriction enzyme sites Ndel and X#%ol (underlined) and 5° and 3’ ends respectively,

suitable for ligation into expression vector pET21a (Invitrogen) (Figure 2.3a). PCR product
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ATGCCCAAGTGCATGATCTTCTGCCCCGTCGCGGCGACGCCGGCGCAGCA
ATGCCCAAGTGCATGATCTTITGCCCCGTCGCGGCGACGCCGGCGCAGCA
ATGCCCAAGTGCATGATCTTITGCCCCGTCGCGGCGACGCCGGCGCAGCA
ATGCCCAAGTGCATGATCTTIETGCCCCGTCGCGGCGACGCCGGCGCAGCA
ATGCCCAAGTGCATGATCTTTTGCCCCGTCGCGGCGACGCCGGCGCAGCA

51 100
GGACGCCCTCTTGAAGGACGCCGAAAAAGCCGTCGCAGACGCTCTGGGGA
GGACGCCCTCTTGAAGGACGCCGAAAAAGCCGTCGCAGACGCTCTGGGGA
GGACGCCCTCTTGAAGGACGCCGAAAAAGCCGTCGCAGACGCTCTGGGGA
GGACGCCCTCTTGAAGGACGCCGAAAAAGCCGTCGCAGACGCTCTGGGGA
GGACGCCCTCTTGAAGGACGCCGAAAAAGCCGTCGCAGACGCTCTGGGGA

101 150
AGCCTCTGAGCTACGTCATGGTGGGATACTCGCAGACCGGGCAGATGCGT
AGCCTCTGAGCTACGTCATGGTGGGATACTCGCAGACCGGGCAGATGCGT
AGCCTCTGAGCTACGTCATGGTGGGATACTCGCAGACCGGGCAGATGCGT
AGCCTCTGAGCTACGTCATGGTGGGATACTCGCAGACCGGGCAGATGCGT
AGCCTCTGAGCTACGTCATGGTGGGATACTCGCAGACCGGGCAGATGCGT

151 200
TTCGGCGGGAGCAGCGACCCGTGTGCGTTCATTCGCGTTGCTTCCATTGG
TTCGGCGGGAGCAGCGACCCGTGTGCGTTCATTCGCGTTGCTTCCATTGG
TTCGGCGGGAGCAGCGACCCGTGTGCGTTCATTCGCGTTGCTTCCATTGG
TTCGGCGGGAGCAGCGACCCGTGTGCGTTCATTCGCGTTGCTTCCATTGG
TTCGGCGGGAGCAGCGACCCGTGTGCGTTCATTCGCGTTGCTTCCATTGG

201 250
AGGCATCACCAGTTCCACGAACTGCAAAATCGCCGCTGCTCTCTCCGCTG
AGGCATCACCAGTTCCACGAACTGCAAAATCGCCGCTGCTCTCTCCGCTG
AGGCATCACCAGTTCCACGAACTGCAAAATCGCCGCTGCTCTCTCCGCTG
AGGCATCACCAGTTCCACGAACTGCAAAATCGCCGCTGCTCTCTCCGCTG
AGGCATCACCAGTTCCACGAACTGCAAAATCGCCGCTGCTCTCTCCGCTG

251 300
CATGCGAACGCCACCTGGGCGTCCCCAAGAACCGCATCTACACGACATTC
CATGCGAACGCCACCTGGGCGTCCCCAAGAACCGCATCTACACGACATTC
CATGCGAACGCCACCTGGGCGTCCCCAAGAACCGCATCTACACGACATTC
CATGCGAACGCCACCTGGGCGTCCCCAAGAACCGCATCTACACGACATTC
CATGCGAACGCCACCTGGGCGTCCCCAAGAACCGCATCTACACGACATTC

301 350
ACAAACAAGAGCCCCTCTGAGTGGGCCATGGGCGACCGAACTTTCGGCTG
ACAAACAAGAGCCCCTCTGAGTGGGCCATGGGCGACCGAACTTTCGGCTG
ACAAACAAGAGCCCCTCTGAGTGGGCCATGGGCGACCGAACTTTCGGCTG
ACAAACAAGAGCCCCTCTGAGTGGGCCATGGGCGACCGAACTTTCGGCTG
ACAAACAAGAGCCCCTCTGAGTGGGCCATGGGCGACCGAACTTTCGGCTG

51

i )
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Figure 2.1a: Nucleotide alignment between MIFs of RH, GT1, ME49 and VEG.
Identical nucleotides are shown in red and conserved nucleotides are shown in aqua. Alignment shows

99.7% nucleotide sequence identity between the strains analysed. Accession Numbers (TOXO DB):

GT1- TGGT1_032990; ME49- TgME49_090040; RH- GUQ071275; VEG- TGVEG_083780
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30
HsMIF (1) —ﬂﬁﬁFIVNTNVPRASVPDGFLSELTQQLAQ
MmMIF (1) FEVNTNVPRASVPEGELSELTQOLAQ
E. tenella MIF (1) COIVCNTOVESGAEEAFLAAVESGLSK
N. caninum MIF (1) CMIYSPVAATEAQQODALLKDAEKALAE
T. gondii MIF (1) CMIFCPVAATPAQQODALLKDAEKAVAD
(1)
(1)

P.falciparum MIF CEVITNVNLPDDNVQSTLSQIENAISD

Consensus MP C IV V AAQ DAFLSDLEQALAD
31 60
HsMIF (30) AT POYIAVHVVPDQLMAFGGSSEPCAL
MmMIF (30) AT AQYIAVHVVPDQLMTESGTNDPCAL
E. tenella MIF (31) IL TOQYITVTLTR-GSVRHSGSCDPAAS
N. caninum MIF (31) VL MSYVMAGYVQTGLMRLGGSSDPCAY
T. gondii MIF (31) AL LSYVMVGYSQTGOMRFGGSSDPCAF
P.falciparum MIF (31) VM LGYIMSNYDYQKNLRFGGSNEAYCFE
Consensus (31) ALGKPLQYIMV YV GLMRFGGSSDPCAF
6l 90
HsMIF (60) CSLHSfSKIGGAQNRSYSKLLCGLLAERLR
MmMIF (60) CSLHYIGKIGGAQNRNYSKLLCGLLSDRLH
E. tenella MIF (60) VSVHYIIGGISSRTNNMICAEVAALCQQHLK
N. caninum MIF (61) IRVAJIIGGLSSSANNKIAAALSASCERHLG
T. gondii MIF (61) IRVAHIIGGITSSTNCKIAAALSAACERHLG
P.falciparum MIF (61) VRITYIIGGINRSNNSALADQITKLLVSNLN
Consensus (61) ISVHSTGGISSSQN IAA LSALL HL
91 116
HsMIF (90) ISPDR NYYDMN GWNNSTFA
MmMIF (90) ISPDR NYYDMN GWNGSTFA
E. tenella MIF (90) MPVDRVFEFFHFADVS GIGSRVFG
N. caninum MIF (91) MSKNR TEANKSGAEWAMGDRTFG
T. gondii MIF (91) NVPKNR TETNKSPSEWAMGDRTFEG
P.falciparum MIF (91) NKSRR EFRDCSAQNFAFSGSLFG
Consensus (91) VS DR F DMSAANWAWG STFG

Figure 2.1b: Amino acid sequence alignment between MIFs found encoded in the genome of
HsMIF, MmMIF and selected Apicomplexans.

Identical amino acids are highlighted in yellow blocks, conservative residues are highlighted in aqua
blocks and non-identical amino acids are highlighted in white blocks. Accession numbers: HsMIF-
NP_002406; MmMIF-NP_034928; EtMIF-ABC73371; NcMIF-NC_LIV_113040; TgMIF — ACY01255;
PfMIF- PFL_1420W
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Figure 2.2: Amplification of TgMIF from tachyzoite and bradyzoite cDNA to assess expression.
Amplification of TgMIF using specifically designed primers gave rise to PCR products of an expected
size of 351bp. PCR reactions were performed using a standard thermal profile at an annealing
temperature of 64°C. Amplification from tachyzoite cDNA (Lane A) and amplification from bradyzoite
cDNA (Lane B). Negative control (-).
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Figure 2.3a:Amplification of TgMIF from tachyzoite cDNA RH strain using high fidelity taq
polymerase.

TgMIF was amplified by PCR from cDNA of tachyzoite RH strain using primers designed with restriction
enzyme sites Ndel and Xhol on forward and reverse primers respectively for incorporation of PCR
product into expression vector pET21a. Expected PCR product size is 351bp (Lanes A and B).
Sample ran in Lane —is representative of the negative control. PCR reactions were carried out using a

standard thermal profile with an annealing temperature of 64°C.

82



1000bp

600bp

400bp
300bp
200bp
100bp

Figure 2.3b: Restriction enzyme digest of pET21a + TgMIF
Two stock plasmids (A and B) were subject to restriction enzyme digest using Ndel and Xhol to
ascertain successful insertion of TgMIF (351bp) into cloning vector pET21a. Restriction enzyme digest

products were ran on a 1.8% agarose gel.
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size was predicted to be 351bp. Products were excised from agarose gel and ligated into the
vector pET21a, which was then used to transform BL21 cells. Clones were then screened by
restriction enzyme digest to ensure the presence of the TgMIF gene (Figure 2.3b). Purified
plasmids were sequenced (Geneservice, Cambridge, UK) to ensure there were no amplification
errors, which may affect TgMIF sequence and structure. The TgMIF sequence was deposited
in GenBank (Accession number GU071275).

2.3.4 Determination of solubility of TgMIF

Protein expression was induced in BL21 cells with ImM IPTG at 30°C overnight. Harvested
cells were then sonicated twice to disrupt cell membranes and samples of soluble and insoluble
fractions were collected at each step. Analysis of fractions by SDS-PAGE shows a protein of
~12.5kDa, predicted to be TgMIF, to be soluble (Figure 2.4).

2.3.5 Purification of TgMIF

Large scale expression was carried out in 1L batches following the normal expression protocol.
Harvested cells were subjected to sonication and treatment with lysozyme prior to purification.
Protein was purified using Ni®* NTA columns with samples of flow through from the addition
of cell lysates and wash steps also being collected for analysis by SDS PAGE (Figure 2.5).
Flow through fraction 1, following the addition of cell lysates, contained many E.coli proteins
which passed straight through the column as expected. A band at 12.5KDa is prominent in this
lane, although, this can be accounted for due to column overloading. Analysis of flow through
fraction 2, containing any unspecifically bound proteins or weakly bound his tag protein again
showed a prominent band of 12.5kDa which once again can be accounted for due to column

saturation.

Eluted protein was collected in 100ul fractions and purity was assessed visually via SDS
PAGE analysis (Figure 2.6). A single band is visible in all samples of eluted protein at
12.5KDa.

Purified protein was probed via western blot with an anti his antibody for verification of a

12.5kDa protein containing a His tag (Figure 2.7). Again, single bands were obtained,
representative of C-terminally His tagged TgMIF.
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Further confirmation of the representation of the 12.5kDa band of TgMIF was sought by
MALDI-TOF mass spectrometry. Mass spectrometry identified eight peptides which produced
a significantly high score that assures the protein eluted in the purification procedure is TgMIF

(Table 2.1).

2.3.6 Determination of TgMIF secretion
ESAg and a sample of supernatant from RH infected HFFs were probed with mouse anti-

TgMIF polyclonal antibody by western blot. A single band present in lane B loaded with
supernatant, indicated that TgMIF is a secreted protein (Figure 2.8).
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Observed
494.1669

566.6740
567.8000
576.0835
657.1563
697.7534
853.2469

858.5563

Mr (expt)
986.3193
1131.3334
1133.5851
1150.1525
1312.2980
1393.4923
2556.7189

2572.6469

Mr (calc)
986.5073
1131.5706
1134.4764
1150.4713
1312.5870
1393.6871
2557.2668

2573.2617

Table 2.1: Mass spectrometry data

Delta
-0.1880

-0.2372
-0.8909
-0.3188
-0.2890
-0.1948
-0.5478

-0.6148

Miss

0

o O O o o o

Score

53
75
23
46
98
90
74

52

Expect
0.0079

45x10°
7.5
0.035
1.6x 107
1x10°
2.1x107°

0.0034

Rank

I = = =

Peptide
RIAYTTFTNK
K.IAAALSAACER.H
K.SPSEWAMGDR.T
K.SPSEWAMGDR.T + Oxidation
R.FGGSSDPCAFIR.V
R.VASIGGITSSTNCK.I
K.AVADALGKPLSYVMVGYSQTGMQR.F +
Oxidation (M)
K. AVADALGKPLSYVMVGYSQTGMQR.F + 2
Oxidation (M)

A 12.5kDa band proposed to be representative of TgMIF was excised from an SDS gel, which was then subject to MALDI-TOF mass spectrometry. Mass

spectrometry analysis identified eight peptides from the sample which correlated with an entry in GenBank of a MIF homologue found in Toxoplasma GT1

strain.
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Figure 2.4: Determination of solubility of TgMIF
Expression was induced with ImM IPTG overnight at 30°C. Cells were harvested and then subject to
two rounds of sonication. Samples are shown on a 14% SDS-PAGE resolving gel which was

coomassie stained. Samples from induced broth pre-sonication are shown in lane A. Insoluble and
soluble fractions following the first round of sonication are shown in lanes B and C. Insoluble and
soluble fractions following second round of sonication are shown in lanes D and E. Bands of 12.5KDa

in lanes B> E correspond to the predicted molecular weight of TgMIF.
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Figure 2.5:Assessment of flow through fractions from purification procedure

Protein was purified using Ni** NTA columns. Samples of flow through fractions were collected for
analysis by SDS PAGE analysis. Samples are shown on a 14% SDS-PAGE resolving gel which was
coomassie stained. Proteins present in the first flow through after the addition of lysate to the column

are shown in lane A. Proteins in the flow through following the wash step are shown in lane B.
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Figure 2.6: Analysis of eluted fractions of purified TgMIF

Samples of eluted protein ran on a 14% SDS PAGE resolving gel which was coomassie stained (Lanes
1->8). Bands ~12.5KDa correspond to the predicted molecular weight of TgMIF. Protein was eluted
using elution buffer (50mM NaH,PO,, 300mM NacCl, 500mM imidazole, pH8.0).
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Figure 2.7: Confirmation of presence of His tag TgMIF by western blot

P Wi e

Samples of eluted purified protein were probed with an anti his antibody by western blot (Lanes A->C).

Samples in lanes A, B and C are elutes 5,6 and 7 from the previous figure (Figure 2.6).

12.5KDa, correspond with the predicted molecular weight of TgMIF monomer.
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Figure 2.8 :Western blot for TgMIF secretion
Samples of ESAg(A) and supernatant from HFF'’s infected with T. gondii (RH) (B) were probed with
polyclonal anti-TgMIF antibody. The presence of a 12.5KDa protein in lane B, indicates that TgMIF is a

secreted protein.
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2.4 Discussion

Since its discovery in the late 1960’s, studies into the function of MIF have detailed a role for
this ubiquitous pro-inflammatory cytokine in numerous human infections and diseases, such as
rheumatoid arthritis, septic shock and cancers (Reviewed Bach et al., 2008). However, since
the late 90’s to the present day several studies have identified the presence of MIF homologues
in many parasitic species including helminths and protozoa, many of which have been now
characterised (Tan et al.,2001, Augustijn et al.,2007, Miska et al., 2007, Kamir et al., 2008)

Analysis of the T. gondii genome reveals one homologue of human MIF, whereas in other
protozoan species e.g. L. major, two MIF orthologs are encoded in the genome (Kamir et al.,
2008). Bioinformatical analysis of four different T. gondii strains from three major lineages:
GT1, VEG, ME49 and RH (as identified by this project) shows great conservation of MIF
within these strains. In fact, 99.7% sequence identity is associated between these strains, with
a single substitution (thymine for cytosine) at position 21 being the only accountable
difference. This substitution, however, does not result in an amino acid change and a
phenylalanine, at this position, is present in all T. gondii strains sequenced so far. Therefore, at

both the nucleotide and protein level, the MIF homologue found in T. gondii is conserved.

As well as T. gondii, MIFs have also been described in several other Apicomplexa including P.
falciparum, E. tenella and N. caninum (Augustijn et al., 2007, Miska et al., 2007). Alignments
of the TgMIF amino acid sequence with Human MIF (HsMIF), Mouse MIF (MmMIF) and the
aforementioned Apicomplexa reveals 25.9%, 23.3%, 43%, 32.6% and 76.6% sequence
identity, respectively. In addition, these alignments highlight 15 invariant residues. Of note,
the greatest sequence identity is observed between T. gondii and N. caninum. However, this is
not unexpected as several papers have reviewed the similarities between these two species with
some even debating the possibility that Neospora could potentially be a strain of Toxoplasma
(Reviewed Mehlhorn and Heydorn, 2000, Siverajah et al., 2003). Finally, it should be noted
that MIF homologues are not found in all Apicomplexa and are absent from Cryptosporidium
parvum and Theileria annulata (Augustijn et al., 2007). Assuming selective pressure resulted
in the deletion of this gene from the genomes of the aforementioned species, this would suggest

that at some point the gene product became redundant in these parasites.

Despite somewhat lower identities recorded between T. gondii and humans, it is notable that

several of the most important residues associated with MIF function have been evolutionarily
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conserved in T. gondii. Of interest, the first proline associated with tautomerase activity, is
found conserved in all homologues to date (Figure 2.1b), highlighting an indication of its
potential evolutionary importance. Significantly, despite only moderate homology observed
between homologues when compared to HsMIF, greatest conservation is found around active
site residues associated with tautomerase activity i.e. positions 1, 33, 65 and 95, suggesting

perhaps a shared function between these homologues.

Furthermore, a CXXC motif found in both human and mouse MIF at positions 58->61 which
mediates MIF oxidoreductase activity (Kleemann et al., 1998), is partially conserved in several
homologues including T. gondii and Eimeria. Partial conservation of this motif has been
shown to be detrimental to optimal oxidoreductase activity in other homologues, including
Plasmodium and Leishmania (Augustijn et al., 2007, Richardson et al., 2009). This aspect of

MIF function in T. gondii will be discussed in detail at a later point.

Low sequence identity can sometimes be an indication of poor structural conservation. Crystal
structure studies have been carried out on various MIFs and to date the structures have been
solved for human, L. major, B. malayi and Ancylostoma ceylanicum (Sun et al., 1996, Kamir et
al., 2008, Zang et al., 2002, Cho et al., 2007). In many of these examples, a low sequence
identity with HsMIF was observed, although, structural conservation with its mammalian
counterpart was maintained (Augustijn et al., 2007, Kamir et al., 2008, Zang et al., 2002).
Therefore, it is also possible that structural conservation with HsMIF will be evident in the T.

gondii homologue of MIF despite sharing only 25.9% sequence identity.

TgMIF is expressed in both tachyzoite and bradyzoite stages of the 7. gondii life cycle at the
MRNA level. Further studies would need to be carried out in order to verify that TgMIF is also
expressed at the protein level and indeed also to observe any potential differences in stage
specific expression. However, MIF expression does appear to vary in different stages of the
life cycle in other parasitic homologues. Kamir et al., (2008) found differences in L.major
MIF (LmMIF) levels in mRNA transcripts from procyclics, metacyclics and amastigotes with
a notable increase being observed in procyclics. This would indicate the importance of
LmMIF in survival within the sand fly as opposed to the human host. In addition, Augustijn et
al., (2007) showed the P.berghei MIF (PbMIF) is present in all parasite stages of the
Plasmodium life cycle although, a peak is observed at the trophozoite stage. Furthermore,

PbMIF was found secreted in the cytoplasm of both the parasite and infected erythrocyte.
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Expression of MIF has been shown to vary in other parasite species including E. tenella
(Miska et al., 2007). E. tenella, a closely related parasite to T. gondii, encodes one copy of
MIF in its genome and is expressed at the mRNA level in greatest quantities in merozoites
whereas low or virtually undetectable levels were recorded in oocysts and sporozoites. Of
interest, immunofluorescence staining indicated that although EtMIF is found distributed
throughout the cytosol, it is primarily concentrated to the apical end of the parasite (Miska et
al., 2007).

Bioinformatical analysis reveals that TgMIF, like mammalian MIF, does not have a classical
von Heijne secretory peptide. Furthermore, TgMIF does not possess any targeting sequences
for either the micronemes or the rhoptries. Therefore, Toxoplasma cell biology would dictate
that this protein should be secreted via the dense granules. In order to determine the
mechanism by which TgMIF is secreted, recombinant TgMIF was used to generate polyclonal
antibodies to TgMIF. Antibodies were then used in a western blot to detect TgMIF secretion
in the ESAg or supernatant from an infected flask of HFFs.  Specifically, the absence of a
band representative of TgMIF in the ESAg sample indicates that TgMIF is not secreted via the
dense granules. However, the presence of a band in the supernatant sample from a flask of
HFFs infected with tachyzoites, confirms that TgMIF is secreted. This therefore suggests that
TgMIF secretion is similar to that of mammalian MIF in that secretion is via a non-classical
pathway.  Non classical protein secretion is not unique to MIF and to date there are
approximately 20 different proteins secreted in a non classical manner including IL-1p,
Thioredoxin (Trx) and fibroblast growth factor 2 (FGF2) (Rubartelli et al., 1990, Rubartelli et
al., 1992, Renko et al., 1990). Inhibition studies have demonstrated that MIF secretion was
significantly reduced following treatment with glyburide, an ABC transporter inhibitor (Flieger
et al., 2003). More specifically, further investigations detailed a role for the golgi-associated
protein p115 in mediating human MIF secretion (Merk et al., 2009). p115 is a highly
conserved protein amongst mammals, however, alignments of p115 homologues from a variety
of different species, shows this protein to be highly divergent with sequence identity ranging
from 10.8% in Giardia lamblia and Saccharomyces cerevisiae to 32.4% in Schistosoma
mansoni in comparison with human p115 and murine p115 (see Appendix C). Consequently, a
BLAST search of ToxoDB using these sequences produced no significant hits. Furthermore, a
search for pl15 homologues in other protozoan genomes e.g. Plasmodium, Leishmania,
Eimeria species, did not produce any significant hits. A BLAST search using the pl115

sequence of the highly divergent Mycoplasma produced significant hits in the Toxoplasma
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genome with a putative protein involved in the structural maintenance of chromosomes.
Therefore, at this point, the presence of a p115 homologue in the Toxoplasma genome cannot
be confirmed. Furthermore, since p115 cannot be found in the genomes of several other

protozoa, it is possible that these MIF homologues may be secreted independently from p115.
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Chapter 3

Characterisation of TgMIF enzymatic activities

96



3.0 Abstract

The tautomerase and oxidoreductase catalytic activities of MIF are unique amongst cytokines.
Identification of an N-terminal proline-1 dependent tautomerase activity and CXXC dependent
oxidoreductase activity associated with MIF, led to speculation that these enzyme activities
were responsible for the biological activities of MIF. Analysis of the TgMIF sequence reveals
conservation of the N-terminal proline and partial conservation of the CXXC motif. In the
present study, TgMIF tautomerase activity was shown to be significantly lower than that of its
human counterpart, HsSMIF. In addition, oxidoreductase activity was shown to be absent from
TgMIF.

3.1. Introduction

A unique feature of MIF, unlike any other cytokine, is the presence of two catalytic activities:
tautomerase and oxidoreductase activities. MIF tautomerase activity was first described by
Rosengren et al., (1996), who isolated a tautomerising agent from bovine eye lens, which was
subsequently identified as MIF. Since then, many MIF proteins that exhibit tautomerase
activities have been identified from many tissues and from a variety of different species (Sun et
al., 1996, Suzuki et al., 1996, Han et al., 2004, Du et al., 2006).

MIF tautomerase activity is associated with the N-terminal proline — 1 (Bendrat et al., 1997).
As such, this residue is conserved throughout all species characterized to date and the mutation
of which in murine MIF, results in complete loss of tautomerase activity (Bendrat et al., 1997,
Nishihira et al., 1998). Furthermore, there is also suggestion that tautomerase activity drives
MIF pro-inflammatory activities (Al-Abed et al., 2005).

The oxidoreductase activity of MIF is less well characterised. However, in human MIF, it has
been shown to involve the reduction of insulin in a reaction dependent on the formation and
reduction of disulphide bridges via a series of oxidation and reduction reactions involving a
reducing agent such as glutathione (Kleemann et al., 1998). As with other thiol protein
oxidoreductases, this catalytic activity has been shown to be dependent on two cysteine
residues contained within the characteristic glutaredoxin/thioredoxin active site motif, CXXC,
in this instance, at amino positions 58 and 61 that is essential for catalysing redox reactions
(Kleemann et al., 1998).
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In parasitic species, tautomerase activity has been measured in many MIF homologues.
However, there are few reports of a functional oxidoreductase activity in these homologues
(Tan et al., 2001, Cho et al., 2007, Richardson et al., 2009).

The aim of the present study was to assess the biochemical properties of TgMIF, determine its
tautomerase and oxidoreductase activities if any, and to determine the kinetic properties of
these activities. TgMIF was expressed as a C-terminal 6x His tag recombinant protein and

purified as described in chapter 2.
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3.2. Materials and Methods

3.2.1Tautomerase assays

Tautomerase activity of recombinant TgMIF was assessed as previously detailed by Pennock et
al., (1998) and a standard assay mixture contained sodium phosphate buffer (10mM, pH 5.8)
containing ImM EDTA, 48ul L-DOPA methyl ester (10mM) (Sigma-Aldrich) and 32ul
sodium periodate (20mM) (Sigma-Aldrich) in a final volume of 1ml. Sodium phosphate
buffers were prepared as described in the appendix and the pH was set as required by the
experiment detailed below. All buffers and reagents were sterile filtered by a 0.2um filter
(Millipore, Watford, UK) prior to use. The assay components were pre-incubated for 5 min at
37 °C, before initiating the reaction by the addition of 80ug TgMIF or 0.5ug HsMIF (R&D
Systems). Reaction mixtures were thoroughly mixed by pipetting. The basis of the assay
involves L-DOPA which is yellow in colour and is converted to colourless DHICA. This
reaction is detectable spectrophotometrically at 475 nm and the colour change during the initial
rate is proportional to the concentration of L-DOPA converted. Enzyme activity was
monitored for 1000 seconds at 37 °C. A similar reaction containing no enzyme was used in
control experiments. Specific activities were calculated from the linear rate during the first 90

1

seconds of the reaction. The extinction coefficient of L-DOPA was 3700M™ cm ™. Assays

were repeated at least three times.

For kinetic studies, L.DOPA was prepared in a range of concentrations from 1mM to 20mM.
Assays were performed as described above in prewarmed sodium phosphate buffer containing
EDTA, pH5.8 and 20mM sodium periodate. Assays were repeated at least three times.

3.2.2 Oxidoreductase assays

Oxidoreductase activity was assessed using a method previously described by Kleemann et al.,
(1998), and a standard assay carried out in a plastic cuvette (Fisher, Loughborough, UK)
containing sodium phosphate buffer (pH7.2, 10mM), 2mM EDTA 10ul of glutathione
(100mM) and 50ul bovine pancreas insulin (0.5mg/ml) in a final volume of 1ml. This is a
cycling reaction in which the initial rate is proportional to the concentration of glutathione. The
assay components were preincubated with insulin for 5 min at 37 °C, before the reaction was
initiated by the addition of 80ug TgMIF or 0.5ug HsMIF. Enzyme activity was monitored as

the increase in absorbance at 650 nm due to the formation of insulin. Experimental controls
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had no enzyme added to the standard assay components. Assays were repeated at least three

times.

3.2.3 Statistical Analysis
Data was interpreted using GraphPad Prism Version 5.0 and GraFit 5 where all data is shown

as a mean £ SE where n=3. Significant differences were determined using students t-test

where ***p<0.0001 **p<0.001 *p<0.05 is significant.
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3.3 Results

3.3.1 Determination of optimum pH of sodium phosphate buffer

Recombinant TgMIF was generated to elucidate potential enzyme activity. In order to assess
TgMIF tautomerase activity, it was necessary that the optimum conditions for the assay be
established. This would ensure that there were no spontaneous reactions as a result of the
substrates used. Tautomerase activity was optimised first in a standard assay in the absence of
protein using sodium phosphate buffers prepared across a variety of pH ranging from 5.8 to
7.0. Spontaneous tautomerase activity was evident throughout the functioning pH range of the
sodium phosphate buffers used, but least at pH5.8. In addition, the recorded activity in these
reactions increased between pH5.8 and 7.0, indicative of a spontaneous reaction that was
dependent on pH. Therefore, pH5.8 was chosen as the optimum pH. Ideally, when conducting
an enzyme kinetic study, a pH range should be assayed both above and below the selected pH.
However, the pH range at which sodium phosphate buffering capacity is functional is pH5.8 —
8.0 (Dawson et al., 1986). Therefore a second buffer was selected to cover the overlap at
lower pH. A significant background activity was observed with citric acid phosphate buffer
over a pH range from 5.6 to 6.0 under the same conditions described above whilst the omission
of EDTA had no effect on the activity observed. Furthermore, L.DOPA methyl ester
tautomerisation was not facilitated in these buffers (data not shown). In addition, assays were
also carried out in a potassium phosphate buffer (Bendrat et al., 1997, Lubetsky et al., 2002),
however a spontaneous reaction occurred which was so high that it was difficult to differentiate
between the spontaneous reaction and the enzyme catalysed reaction (data now shown). To
our knowledge, no alternative buffer for MIF tautomerisation reactions has been described and

as a result assays were carried out only in sodium phosphate pH5.8 (Figure 3.1).
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Figure 3.1 : Determination of optimum pH of sodium phosphate buffer.
pH assays were performed in the absence of protein. The optimum pH was determined to be pH5.8 to
eliminate the possibility of enzyme independent spontaneous reactions, associated with higher pH.
Assays were carried out at 37°C in the presence of 20mM sodium periodate, 10mM L.DOPA and 10mM

sodium phosphate buffer. Assays were repeated at least three times.
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3.3.2 Determination of optimum storage conditions

Studies were carried out to determine the optimum storage conditions and enzymatic lifespan
of MIF protein. Aliquots of TgMIF protein at ~6mg/ml were stored at 4°C, -20°C and -80°C
in both the presence and absence of 50% glycerol. Aliquots of recombinant TgMIF from each
storage condition were assayed for tautomerase activity daily for 14 days. Recombinant
TgMIF stored at 4°C quickly lost ~35% of tautomerase activity within 24 hours post elution
both with and without glycerol but retained ~60% of its original activity for 11 days after
which its activity diminished (Figure 3.2A). At -20°C, glycerol added to TgMIF at 50%, had a
stabilizing effect on the tautomerase catalytic activity of this protein for ~2-3 days and
thereafter lost an additional 35% of its tautomerase activity over the period of observation
(Figure 3.2B). However, tautomerase activity in the absence of glycerol decreased steadily by
40% during the same period. Finally, protein stored at -80°C remained stable with over 60%
activity for the longest period of time, ~4days post elution with close to 100% activity being
retained for the first 3 days (with or without glycerol (Figure 3.2C). In addition, tautomerase
activity following storage in both the presence and absence of glycerol resulted in a 40%
reduction in activity by day 7. However, no further decrease in activity was observed for the
glycerol treated sample for the rest of the duration of the study whereas activity in the absence
of glycerol decreased after day 7 (Figure 3.2C). There were no obvious preservative benefits
observed by the addition of 50% glycerol in the short term. Therefore, with this is mind,
TgMIF used for biochemical assays was stored at -80°C without glycerol for no more than 4

days post elution.

3.3.3 TgMIF tautomerase kinetics

Purified recombinant TgMIF was enzymatically active towards L.DOPA methyl ester with a
specific activity of 1476 umol/min/mg of protein, a value that falls within the range reported
previously for L. major MIFs (Figure 3.3C) but 81 and 91 fold lower than that reported for
murine and human MIFs (Richardson et al., 2009) (Figure 3.3A). TgMIF Kinetics parameters
were measured by recording tautomerase activity in the presence of a variety of concentrations
of L.DOPA methyl ester ranging from 1 to 20mM (Figure 3.3B). TgMIF has a specific activity
of 1476 pmol/min/mg and K, and Vma values were determined to be 9.6mM and
1800umol/min/mg respectively (Figure 3.3B; Table 3.1). The resultant apparent Kcats and
Kcat/Km were 0.135 S and 13.99 S* M respectively for L.DOPA.
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3.3.4 Measurement of TgMIF oxidoreductase activity

Human MIF has been shown to exhibit thiol-protein oxidoreductase activity in the insulin
reduction assay (Kleemann et al., 1998). TgMIF was therefore assayed for oxidoreductase
activity. Initial assays revealed an apparent TgMIF oxidoreductase activity. However, similar
rates of reactions were observed in experimental controls and consequently the apparent
TgMIF oxidoreductase activity was actually due to an enzyme independent activity as a result
of an excessive L-glutathione concentration which diminishes the requirement for TgMIF in
the reaction cascade (Figure 3.4A). Optimisation assays led to the selection of 1mM L-
glutathione for further oxidoreductase assays (Figure 3.4B). TgMIF and HsMIF
oxidoreductase activity was recorded over a period of 110 minutes. 0.9uM Trx was used as a
positive control (Kleemann et al., 1998). TgMIF oxidoreductase activity was not detectable
and comparable to the no enzyme controls. HSMIF activity was evident but reaction onset was

delayed in comparison to Trx (Figure 3.4C).
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Figure 3.2: Determination of the optimum storage conditions
Protein aliquots were stored at ~6mg/ml at 4°C (Figure 3.2A), -20°C (Figure 3.2B) and -80°C (Figure
3.2C) in both the presence and absence of glycerol. Protein was then assayed for tautomerase activity

daily for 14 days. Assays were repeated at least three times.
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Figure 3.3: Measurement of TgMIF tautomerase kinetics.

TgMIF has tautomerase activity (Figure 3.3A) and subsequently TgMIF tautomerase kinetics were
measured towards L.DOPA methyl ester (Figure 3.3B). Assays were repeated at least three times.
*p<0.05 ***p<0.0001
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Specific Activity | K, V max Keat | Keat/ Kim
(umoles/min/mg) | (M) | (umoles/min/mg) | (S | (SM™)

TgMIF o | 1476 9600 | 1800 0.135 |13.99
TsMIF * 3500 5600 | 4000 8100 |1.6x10°
HsMIF * 588 5000 | 650 1340 |0.27 x 10°

HsMIF 8§ 3350 - - - -

HsMIF oo 135,720 - - - -

MmMIF + | 120,600 - - - :

LmMIF + | 4320 - - - -

Table 3.1 Kinetics of L.DOPA methyl ester tautomerase activity of MIF homologues
Tautomerase activity for L. DOPA methyl ester of TgMIF is reduced compared to specific activities of

other parasite homologues and human MIF.*

*Tan et al., 2001, § Kamir et al., 2007, This study, TRichardson et al., 2009
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Figure 3.4 Determination of TgMIF oxidoreductase activity

Initial assays showed oxidoreductase activity was not an enzyme dependent reaction (Figure 3.4A) and
therefore further optimisation of substrate concentration was carried out (Figure 3.4B). TgMIF
oxidoreductase activity was then measured using the optimised assay (Figure 3.4C). Assays were

repeated at least three times.
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3.4. Discussion

The tautomerase and oxidoreductase activities of mammalian MIF have been well
characterised with many studies indicating biological roles for these enzymatic functions (Dios
et al., 2002, Lubetsky et al., 2002, Al-Abed et al., 2005). Consequently, description of the

enzyme characteristics of the newly identified TgMIF homologue, are described herein.

C-terminal His tagged recombinant TgMIF was used in enzyme assays as previous studies
have indicated that N-terminally modified protein severely impedes MIF tautomerase activity
(Richardson et al., 2009). Furthermore, in this study, tautomerase activity was measured by
the conversion of L.DOPA methyl ester to DHICA. Though other substrates have been used to
characterize MIF tautomerase activity e.g. p-hydroxyphenylpyruvate (Tan et al., 2001, Zang et
al., 2002), the specific activities measured have been very low, thus suggesting they are less
well utilised by MIF. As such, L-DOPA methyl ester was adopted in this study, but neither L.
DOPA methyl ester nor p-hydroxyphenylpyruvate is believed to be the natural substrate for
MIF tautomerase activity in vivo. However, until the true natural substrate for this activity is
identified, the relevance of these results in a biological context is unknown, however, a similar
mechanism is likely with its in vivo natural substrate. Typically, parasite MIFs have a reduced
ability to tautomerise non-physiological substrates compared with mammalian MIF (Zang et
al., 2002, Richardson et al., 2009, Augustijn et al., 2007, Cho et al., 2007). However, it is
possible that parasite homologues of MIF, such as TgMIF, may tautomerise the natural

substrate equally well as mammalian MIFs.

The tautomerase activity of HsSMIF has been characterised previously (Rosengren et al., 1996).
However, extensive variability in the measured specific activities of human MIF towards
L.DOPA methyl ester have been recorded (Table 3.1). Indeed the specific activity of human
MIF has been reported to vary between 588 (Tan et al., 2001) to 135,720umols/min/mg (this
study). Closer inspection of assay protocols for the aforementioned studies suggests that
differences in buffers, pH, temperature and instrumentation could account for variation in the
results obtained. (Tan et al., 2001, Kamir et al., 2008). Therefore, subsequent reference to
HsMIF in this chapter will be made with regard to the activities recorded as a result of the
present work, (135,720 pmols/min/mg), as the exact same parameters for defining this activity
were also used for TgMIF characterisation.
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TgMIF has a measured specific activity of 1476umol/min/mg towards L.DOPA methyl ester,
which was approximately 81 and 91 fold less than that of MmMIF and HsSMIF respectively
(Richardson et al., 2009) but comparable to LmMIF tautomerase activity, also 27 fold and 31
fold lower than the MmMIF and HSMIF respectively (Richardson et al., 2009).

Characterisation of TgMIF tautomerase kinetic parameters reveals that TgMIF and HsMIF had
comparable Kms, being 9.6mM and 5mM respectively (Tan et al., 2001). Consequently,
HsMIF has a greater affinity for L.DOPA methyl ester than TgMIF. Furthermore, comparison
between the Kcat/Km of TgMIF and HsMIF highlights HsMIF as a much more efficient
enzyme which has greater turnover of substrate per molecule of enzyme. Unfortunately, there
is a significant lack in fully comprehensive enzyme kinetic studies in other MIF homologues,
with the most detailed study to date being performed with T.spiralis MIF (TsMIF) (Tan et al.,
2001). Comparison of TgMIIF with TsMIF indicates TsMIF has a much greater specific
activity (3500umol/min/mg) than TgMIF. In fact, this activity in TsSMIF is 6 fold greater than
HsMIF (Tan et al., 2001). Furthermore, TsSMIF has greater affinity for L.DOPA methyl ester
and subsequently a higher turnover of substrate thus making TsMIF a much more efficient

enzyme than TgMIF.

Initial assays to characterise TgMIF oxidoredcutase activity showed this catalytic activity to be
non-TgMIF dependent. As expected, the reaction was shown to be dependent on the addition
of insulin and glutathione. Furthermore, the addition of 2-3 times more enzyme had no
significant effect on the rate of reaction measured. Measurement of a weak activity in both the
presence and absence of enzyme prompts suggestion of a poor catalytic activity for TgMIF

oxidoreductase activity, even up to two hours post addition of enzyme in an optimised assay.

It was hypothesised that the measured activity in the no enzyme control was due to the high
glutathione concentration in the reaction (4.5mM) as detailed by Kleemann et al., (1998).
Subsequently a series of optimisation assays led to the selection of 1mM glutathione for further
oxidoreductase assays. In comparison with measured activity of a natural thiol protein
oxidoreductase such as Trx, HsMIF has a measurable oxidoreductase activity although the
onset of this reaction is delayed. However, TgMIF displays virtually no catalytic activity at all
up to 2 hours post addition of enzyme. This lack of activity was not unexpected since previous
reports have indicated that the presence of two cysteines at positions 57 and 60 are essential for

mediating this activity, with greatest importance being placed on the second cysteine
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(Kleemann et al., 1998). Therefore, the absence of the second cysteine in TgMIF suggested
that oxidoreductase activity in this homologue would be weakened if not non-existent. This is
in keeping with observations made in other homologues thus far studied (Augustijn et al.,
2007, Richardson et al., 2009). For example, PfMIF which has one conserved cysteine,
exhibits an oxidoreductase activity which is 20% of the recorded activity for HsMIF (Augustijn
et al., 2007). However, even HsMIF does not have a strong oxidoreductase activity, which
may indeed raise the possibility that this activity may be redundant in comparison to

tautomerase activity.
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Chapter 4

Determination of TgMIF structural biology
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4.0 Abstract

Elucidation of the MIF crystal structure in 1996 revealed a trimeric architecture for human and
rat MIF proteins (Sugimoto et al., 1996, Sun et al., 1996). Furthermore, structural analysis not
only revealed homology of these proteins with bacterial isomerases but in addition provided an
insight into the mechanisms by which MIF mediates its catalytic activities. The crystal
structure of the previously uncharacterised T. gondii homologue of MIF was found to conform
to the same global trimeric topology as that of human MIF. In addition, the structure
highlighted substitutions in and around the TgMIF tautomerase active site that would account
for reduced tautomerase activities. 1SO-1 also failed to inhibit TgMIF tautomerase activity ,

probably as a direct result of these substitutions.

4.1 Introduction

Despite its discovery in 1966, MIF was not successfully cloned until 1989 (Weiser et al.,
1989), and it was not until 1996 that the MIF 3D crystal structure was finally solved (Sugimoto
et al., 1996, Sun et al., 1996). MIF was shown to exist naturally as a trimer whereby each
12.5KDa monomer consisted of a four stranded beta sheet with two alpha helices vertically
arranged (Sun et al., 1996). Determination of the MIF 3D structure also highlighted great
homology of the MIF trimer with two bacterial isomerases: 5-carboxymethyl-2-
hydroxymuconate isomerase (CHMI) and 4-OT whose catalytic activities were also centred
around an N-terminal proline (Hajipour et al., 1993, Sugimoto et al., 1996, Bendrat et
al.,1997). Subsequently, crystal structure studies have proven useful in not only providing
insight into the structural architecture of MIF but also detailed analysis of enzyme active sites
have aided further understanding of how MIF mediates its catalytic activities (Crichlow et al.,
2009).

In the present study, the crystal structure of TgMIF has been elucidated which has allowed a

comparative study of this homologue with its human counterpart to be carried out.

114



4.2 Materials and Methods
4.2.1 Sequence alignments
MIF sequences were acquired from NCBI (http://www.ncbi.nlm. nih.gov/sites/entrez) and
sequence alignments were performed using Tcoffee. ESpript (http://espript.ibcp.fr/ESPript/cqi-

bin/ESPript.cgi) was then used to assemble Figure la.

4.2.2 Crystallisation

Crystals were grown by the hanging drop, vapour diffusion method in 24-well Limbro plates.
Crystals of TgMIF grew at 277 K over a well solution containing 1.82 M ammonium sulphate
and 100 mM Tris pH6.5. The drop contained 2 uL of protein solution at 15 mg/mL in 50 mM
Tris pH7.5 plus 2 pL of well solution. Prior to data collection, crystals were briefly immersed
in a cryoprotectant solution containing 20% (v/v) glycerol plus well solution and then flash

frozen in liquid nitrogen.

4.2.3 X-ray data collection and structure determination

All diffraction data were collected at 100K on beam-line 103 at the Diamond Light Source
(Oxfordshire, UK), indexed with iMosflm and merged and scaled with SCALA (Anonymous,
1994). For molecular replacement a homology model of the TgMIF structure was generated

using the SwissModel server (http://swissmodel.expasy.org/) and used as the search model in

PHASER (Anonymous, 1994). Structure building and refinement was performed using COOT
(Emsley and Cowtan, 2004) and Refmac, respectively. Data collection and refinement statistics

are shown in the appendix (Appendix F).
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4.2.4 Tautomerase assays

Tautomerase assays were carried out as detailed in chapter 3.2.

4.2.5 Inhibition assays
80ng TgMIF/0.5ug HsMIF was preincubated with the desired concentration of (S,R)-3-(4-
Hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid (1SO-1) (Cambrex) for 30minutes before

addition to the normal tautomerase reaction outlined in chapter 2.2.

4.2.6 Statistical Analysis
Data was interpreted using GraphPad Prism Version 5.0 where all data is shown as a mean +
SE where n=3. Significant differences were determined using students t-test where p<0.05 was

deemed significant.
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4.3 Results

4.3.1 TgMIF is predicted to have similar structural architecture to HsMIF

Analysis of sequences was performed using ESprit. TgMIF is predicted overall to have the
same global topology as HsMIF with some minor differences being observed. The absence of

ann1 turn and a longer al helix are predicted in TgMIF by ESpript (Figure 4.1A).

4.3.2 Crystal structure of monomeric TgMIF

The crystal structure of C-terminally His tagged TgMIF was determined to 1.8A resolution.
TgMIF monomer (green) can be superimposed with HsMIF monomer with an r.m.s.d of 1.16A
for all Ca atoms. The global topology between these two monomers is well conserved with the
TgMIF monomer consisting of a 4 strand B sheet with two alpha helices vertically arranged.
Significantly, the differences predicted by ESpript as previously mentioned (Figure 4.1A) are
in fact observed in the TgMIF monomer structure (Figure 4.1B).

4.3.3 TgMIF exists as a trimer

TgMIF adopts a trimeric ring architecture with the formation of a central hydrophilic pore
(Figure 4.2A). This structure is in keeping with published data from other known MIFs
(Figure 4.2B). Superimposition of TgMIF (green) with HsMIF (blue) reiterates structural
conservation of the trimer in TgMIF (Figure 4.2C).

4.3.4 Sulphate ions are found in the TgMIF pore
The formation of a trimer results in a narrow pore in TgMIF in which sulphate ions are located.
Detailed structural analysis reveals potential interactions for these ions which are

uncharacterised in any other MIF proteins to date (Figure 4.3)

4.3.5 Detailed analysis of the tautomerase active site explains reduced catalytic
activity of TgMIF

Analysis of TgMIF structure reveals critical amino acid substitutions in and around the
tautomerase active site. Substitution in the active site of an asparagine for a threonine at
position 98 in TgMIF is observed in addition to the further substitution of a valine'® for a

tryptophan®” around the active site area (Figure 4.4A).
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Figure 4.1: Comparison of TgMIF and HsMIF

Secondary structure features are found above and below alignment for TgMIF and HsSMIF respectively
(Figure 4.1A). Superimposition of chain A of HsMIF (Blue) superimposed with chain A of TgMIF.
R.M.S.D is 1.16A over all carbon atoms (Figure 4.1B).
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Superimposition of structures shows where ISO-1 (orange) would bind MIF trimers (Figure
4.4B). In addition, the presence of three sulphate atoms bound in the pore of the TgMIF trimer

are evident from this representation.

Detailed analysis of the tautomerase active site of both HsMIF (blue) and TgMIF (green) in
complex with 1ISO-1 (orange) illustrates a successful interaction between

HsMIF and 1SO-1. However, access of I1ISO-1 to the TgMIF active site is restricted by
Trp*”(Figure 4.4C).

4.3.6 TgMIF tautomerase activity is not inhibited by ISO-1

In order to determine whether or not TgMIF tautomerase activity was relatively unaffected by
ISO-1 as predicted by structural analysis, TgMIF was pre-incubated with a variety of
concentrations of 1SO-1 (Figure 4.4D). A weak dose response was observed following
preincubation of TgMIF with ISO-1 across a variety of concentrations ranging from 2.5ug to
40ug. Inhibition ranged from 0% to 9.9% across the concentration gradient with 3.5%
inhibition being measured with 10uM 1SO-1. This is in contrast to HsMIF, which was
inhibited by ~60% in the presence of 10uM I1SO-1(Figure 4.4E).
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Figure 4.2: TgMIF has a trimeric architecture
Ribbon diagram of TgMIF trimer is shown (Figure 4.2A) as is that of HsMIF (Figure 4.2B). Trimers of
two MIFs are superimposed where human MIF is represented in blue and TgMIF is represented in

green (Figure 4.2C).
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Figure 4.3 Detailed analysis of sulphate ions in TgMIF pore
Unique to TgMIF, sulphate ions are found located within the pore. Potential interactions between

sulphate ions in the TgMIF pore with surrounding positively charged amino acids are highlighted above.
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Figure 4.4: Structural analysis of tautomerase active site

Comparison of differences in the active site residues between HsMIF and TgMIF (Figure 4.4A). HsMIF
(blue) is superimposed with TgMIF (green) and complexed with active site specific inhibitor I1SO-1
(orange) (Figure 4.4B). Detailed analysis of the active site highlights amino acid differences and
problems with steric hindrance (Figure 4.4C). Inhibitory effects of ISO-1 on TgMIF tautomerase activity
are investigated via pre-incubation of TgMIF with increasing concentrations of ISO-1 (Figure 4.4D).
Comparison of HsMIF and TgMIF tautomerase activity following pre-incubation with 10uM ISO-1
(Figure 4.4E).
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4.4 Discussion

Determination of the structural properties of a molecule can often provide essential information
regarding potential functions for the structure in question. In this study, the crystal structure of
TgMIF was determined and comparative studies were carried out between this homologue and

its human counterpart.

Secondary structure analysis of TgMIF reveals the absence of a short 11 turn which is evident
in mammalian MIFs. In addition, a conserved proline at position 15 is substituted for a
glutamine in TgMIF, an amino acid which usually functions as a ‘breaker’ residue between the
nl turn and al helix (Richardson et al., 2009). Furthermore, a second region of structural
difference was observed in the length of the al helix which expands from residues 13 to 31 in
TgMIF resulting in an alpha helix which is significantly longer than that observed in human
MIF. Interestingly, these structural differences are mirrored exactly in LmMIF (Richardson et
al., 2009).

Analysis of structural data shows TgMIF exists as a trimer whereby each monomer consists of
a four stranded mixed beta sheet and two alpha helices stacked against a beta sheet. The
formation of a trimer results in a topology which is greatly conserved with HSMIF as seen in
superimposition images. Of interest, the TgMIF trimer appears to form a hydrophobic pore
which is narrower than that of HsSMIF. The HsMIF pore is described as a unique solvent
channel which in combination with its positive electrostatic field has been suggested to be
involved in transportation (Sun et al., 1996). However, to date, the pore has no confirmed
function and therefore it is difficult to determine the biological consequences as a result of

differences in pore diameter.

Conservation of global topology of MIF within homologues is not uncommon (Suzuki et al.,
1996, Suzuki et al., 2004). In fact, to date, all of the crystal structures of parasite MIF
homologues have generally retained the overall structure of mammalian MIF, both in the
monomer and trimer forms (Tan et al., 2000, Cho et al., 2007, Kamir et al., 2008). Differences
observed are generally at the amino acid level which can often result in small structural
variations, although, these differences generally do not greatly modify the overall protein

conformation.
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Structural analysis reveals amino acid substitutions in the area of the tautomerase active site
which could ultimately alter the catalytic activity of TgMIF. Tautomerase activity involves the
Pro*, Lys*? and Ile® of one monomer in an interaction with Tyr®™ and Asn®’ of the adjacent
monomer (Lubetsky et al., 1999). Most amino acids of the active site are conserved in addition
to Tyr*® and Phe'** which surround the active site. However, replacement of an Asn®® for a Thr
in the TgMIF tautomerase active site is of importance as this substitution prevents the
formation of a hydrogen bond between MIF and L.DOPA methyl ester (Richardson et al.,
2009). An identical substitution has previously been reported in A. ceylanicum MIF with the
suggestion that these substitutions may account for the weakened tautomerase activities (Cho et
al., 2007). With this in mind, there is also a strong possibility that this substitution is likely to
be responsible for the great reduction in catalytic activity observed in TgMIF for L.DOPA
methyl ester compared with HsMIF.

Further substitutions around the TgMIF tautomerase active site are observed whereby Val 1% is
replaced by Trp*®’ resulting in steric hindrance which could prevent the successful binding of
ISO-1 to the active site. Concentrations of 1ISO-1 were selected on the basis of a previous
study by Lubetsky et al., (2002) whereby HsMIF was shown to have an IC50 of ~7uM. Pre-
incubation of HsMIF and TgMIF with 10uM ISO-1 allowed a comparative study to be
performed. HsMIF tautomerase activity was inhibited by ~60% following pre-incubation with
10puM 1SO-1, which is similar to previously published results (Lubetsky et al., 2002). Further
investigation into the potential inhibitory effect of ISO-1 on TgMIF tautomerase activity
revealed a very slight dose response to ISO-1. However, in comparison to HsMIF, the effects
of ISO-1 on TgMIF tautomerase activity are significantly reduced and almost negligible when
compared with HsMIF IC50. These results for TgMIF are similar to that observed in other
parasite homologues of MIF (Kamir et al., 2008, Cho et al., 2007)

In addition to 1SO-1, inhibition studies of tautomerase activity have also been performed using
dopachrome analogs (Zhang and Bucala, 1999) and other inhibitors (Senter et al., 2001).
However, to date there have been limited studies investigating the effects of inhibitors of
parasite homologues of MIF. However, Kamir et al., (2008) demonstrated that like TgMIF,
ISO-1 selectively inhibited HSMIF tautomerase activity but had no significant effect on
LmMIF activity. Further inhibition studies with 4-iodophenylpyrimidine (4-1PP) resulted in
complete inhibition of tautomerase activity being observed in both HsMIF and LmMIF, by

covalent modification of the N-terminal proline. 4-IPP also inhibited LmMIF induced
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migration of monocytes, an effect which was not observed with non inhibitory ISO-1. This
would suggest that the tautomerase activity of LmMIF is directly related to modulation of
macrophage migration which would have significant implications for survival of this parasite
in the host (Kamir et al., 2008). Furthermore, increasing concentrations of 4-1PP resulted in a
dose dependent reduction in MIF and p115 secretion from LPS induced THP-1 macrophages
(Merk et al., 2009). Consequently, 4-1PP modification of MIF induces p115 binding to MIF,
which the authors suggest inhibits MIF release from cells by interfering with additional protein
interactions necessary for secretion (Merk et al., 2009). Therefore, it would be desirable to
determine the inhibitory effects of other substances on TgMIF tautomerase activity which

might then be used in further studies to determine TgMIF function.

Of particular interest, structural analysis reveals the presence of many sulphate ions within the
TgMIF pore, a feature which has previously been unreported in other MIFs. The negatively
charged sulphate ions are able to interact with the positively charged side chains of Arg®, Lys 2
and Lys'® in a series of links which is likely to act to stabilise the interface of the trimer in the
pore. Also of interest is an interaction between sulphur ions and Thr®, an active site residue.
This indicates a potential role for the pore in tautomerase activity or alternatively, the sulphate
ions may act to mimic a phosphate binding site. The latter may therefore suggest
phosphorylation on a binding partner protein that binds in the pore with its phosphate in the
position (Yun-Jeong et al., 2003, Dessailly et al., 2007).

127



Chapter 5

Characterisation of TgMIF immunological

properties
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5.0 Abstract

It has been suggested that many of the pro-inflammatory activities attributed to MIF may be as
a consequence of endotoxin contamination. Furthermore, it has also been suggested that ERK-
MAPK activation and IL-8 production are the main indicators of MIF activity. In the process
of this study, recombinant LPS-free TgMIF was shown to be capable of inducing IL-8
production from human PBMC. Furthermore, TgMIF is capable of inducing ERK-MAPK
activation in murine bone marrow-derived macrophages whilst having no significant effect on
CD74 or CD44 expression. Finally, in preliminary experiments, a decrease in TLR-4 mRNA

levels has been observed following stimulation with both TgMIF and LPS.

5.1 Introduction

Identification of MIF as a secreted mediator which inhibited the random migration of
macrophages (Bloom and Bennett, 1966, David, 1966) subsequently led to multiple studies
attempting to define other biological functions of MIF, and indeed, how these functions were
mediated. Consequently, MIF has been attributed with being responsible for many activities
including upregulation of TLR-4, augmentation of pro-inflammatory cytokine production,
inhibition of immunosuppressive properties of GC and activation of ERK MAPK pathways
(Roger et al., 2001, Calandra et al., 1995, Mitchell et al., 1999). However, some have debated
the authenticity of these results as several studies failed to document endotoxin levels present
in protein preparations or indeed whether an endotoxin removal step was performed (Nguen et
al., 2003, Bernhagen et al., 1994, Baumann et al., 2003).

The immunological roles of selected parasite MIF homologues have been partially
characterised. Subsequently, most investigations involving parasite MIF homologues have
focused on the ability of these proteins to effect monocyte migration and protein interactions
with CD74.

Herein, the successful production of recombinant LPS-free TgMIF has allowed for the partial

characterisation of the biological functions of TgMIF.
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5.2 Materials and Methods
5.2.1 Large scale protein expression, purification and estimation

Protein was expressed, purified and quantified as described in 2.2.19, 2.2.20 and 2.2.21

5.2.2 Endotoxin removal

A ProteoSpin® Endotoxin Removal Maxi (Novagen) column was equilibrated with 10ml of
column activation and wash buffer by centrifugation at 1000 g for 2 minutes. 4mg TgMIF was
diluted in distilled water to Smls before the addition of 40ul pH binding buffer. The solution
was then added to the activated column, to which 50ul endotoxin removal solution was
subsequently added. The column was then mixed gently by vortex and incubated at room
temperature for 5 minutes after which time 500ul isopropanol was added. Protein was then
bound to the column by centrifugation at 1000g for 5 minutes and the flow through was
discarded. The centrifugation step was then repeated. Bound protein was then washed by the
addition of 10ml column activation and wash buffer and centrifugation for 3 minutes at 1000g.
The wash step was then repeated. The column was then spun dry for 2 minutes at 1000g. To
elute protein, 140ul neutraliser was added to a clean elution tube and 2ml of elution buffer was
added to the column. The column was then centrifuged for 5 minutes at 3000g to elute protein.

Following elution, protein was quantified as described 2.2.21.

5.2.3 Chromogenic Endotoxin Test QCL 1000

Endotoxin levels were tested using QCL 1000 endotoxin chromogenic endpoint kit (Cambrex,
UK). Endotoxin standards (Cambrex, UK) were prepared ranging from 0.01Eu/ml to 1Eu/ml in
endotoxin-free microcentrifuge tubes (Fisher, UK) prior to the addition of 50ul of each
standard to pre-equilibrated 96 well tissue culture plate (TPP, Switzerland). 50ul of LAL
reagent water, sample buffer and sample at working concentration were also added to wells.
To each well, 50ul freshly reconstituted LAL lysate was then added and incubated at 37°C for
10minutes. Following this, 100ul of freshly reconstituted prewarmed chromogenic substrate
was added to each well and incubated at 37°C for 6 minutes. To stop the reaction, 100ul 25%
glacial acetic acid (Acros organics, Geel, Belgium) was added to each well and the plate was
read at 405nm.

5.2.4 Isolation of human peripheral blood mononuclear cells (PBMC)
Human PBMC were isolated from freshly drawn blood using Histopaque (Sigma — Aldrich).
To a 15ml centrifuge tube, 3ml of prewarmed HISTOPAQUE-1077 was added on top of which
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3ml whole blood was carefully layered. The solution was centrifuged at 4000g for 30 minutes
at room temperature to separate the blood into plasma, mononuclear cells and red blood cells.
Following centrifugation, the plasma in the top layer was carefully removed and discarded.
The opaque interface containing mononuclear cells was then removed and added to a clean
15ml centrifuge tube to which 10ml RPMI11640 (PAA, Pasching, Austria) was added. The tube
was then centrifuged for 10minutes at 2509 following which the supernatant was removed and
the cell pellet was resuspended in 5ml RPMI1640 (PAA, Austria) and spun again at 250g for
10minutes. Following this, the supernatant was removed and the pellet resuspended again in
5ml RPMI1640 (PAA, Austria). The resuspended pellet was centrifuged again at 250g for
10minutes following which the supernatant was removed and the pellet resuspended in 0.5ml
cRPMI. Isolated mononuclear cells were then counted and seeded to 96 well plates at 5x10°
cells/ml in RPMI1640 containing 10% heat-inactivated fetal calf serum, 2mM L-Glutamine,
100U/ml penicillin and 100pg/ml streptomycin at 37°C and 5% CO,. Cells were stimulated

with increasing concentrations of endotoxin free TgMIF (1ng/ml-100ng/ml) for 24 hours.

5.2.5IL-8 ELISA

In order to detect IL-8 concentrations in cell supernatants, 96 well plates were coated with
50ul/well purified mouse anti-human IL-8 (BD PharMingen) at 2pug/ml in PBS pH9 and
incubated overnight at 4°C. Plates were then washed three times in PBS pH 7.4 with 0.05%
Tween 20. Wells were then blocked by the addition of 200ul/well blocking buffer (10% fetal
calf serum in PBS pH7.4) and incubated at 37°C for one hour. Plates were then washed three
times before the addition of 30l supernatants to appropriate wells. Recombinant human IL-8
was also added to corresponding wells in doubling dilutions ranging from 20ng/ml to
387.5pg/ml and plates were then incubated at 37°C for two hours. Plates were then washed
four times prior to the addition of 50ul/well 1pg/ml biotinylated anti human IL-8 (BD
PharMingen) and then incubated for a further hour at 37°C. Streptavidin alkaline phosphatase
(Pharmingen) diluted 1:2000 was then added to the plates, 50ul/well, following a previous
washing step and incubated for 45 minutes at 37°C. Following a final wash step, 100ul p-
nitrophenyl phosphate (Sigma) at Img/ml in glycine buffer was added to plates. Absorbances
were recorded at 450nm using SPECTRAmax 190 microtitre plate spectrophotometer. All

assays were carried out in triplicate.
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5.2.6 Isolation of macrophages from bone marrow stem cells

Femurs were removed from male BALB/c mice and flushed using a 25 gauge needle with 5ml
macrophage medium.  Macrophage media consists of 30% (15ml) L-cell conditioned
supernatant, 20% (10ml) heat-inactivated fetal calf serum, (0.5ml) 2mM L-Glutamine, (0.5ml)
100U/ml penicillin and 100ug/ml streptomycin in Dulbeccos Modified Eagles medium
supplemented with sodium pyruvate, glucose and pyridoxine hydrochloride (Invitrogen, UK).
Flushed bone marrow stem cells were collected in a 50ml tube. Cells were then passed through
a 21 gauge needle before being split between petri dishes. Each petri dish was then
supplemented with an additional 10mls macrophage medium and cells were incubated at 37°C/
5% CO,. Cultures were then supplemented with 10mls macrophage medium on day 3. On day
7, medium was completely removed from petri dishes to discard non adherent cells and 20mls
fresh macrophage medium was added to each petri dish. Confluent macrophages were
harvested on day 10 by the removal of macrophage medium and replacement with 5mls cold
RPMI1640. Cells were then removed using a 24cm cell scraper (TPP, Trasadingen,
Switzerland) and spun at 300g for 5 minutes. The supernatant was removed by aspiration and
the pellet resuspended in 10ml macrophage media. Cells were then washed by centrifugation
at 300g for 5 minutes. The supernatant was removed and the cells were washed again in 10ml
complete RPMI (cRPMI) (Invitrogen) by centrifugation at 300g for 5 minutes. cRPMI
consisted of RPMI1640 supplemented with 10% heat-inactivated fetal calf serum, 2mM L-
Glutamine, 100U/ml penicillin and 100pg/ml streptomycin  The supernatant was removed and
the cell pellet was resuspended in 2ml cRPMI. A dilution of the cell suspension was made in
0.4% trypan blue (Sigma-Aldrich) and cells were counted using a haemocytometer. Cells were

then diluted to the desired concentration.

5.2.7 Stimulation of macrophages for real time PCR

Cells were seeded in a 24 well plate (TPP) 2x10° cells/ml in a total volume of 500pl. Cells
were then incubated overnight at 37°C/ 5% CO; to allow macrophages to adhere. Following
this, cells were stimulated with increasing concentrations of TgMIF (1ng/ml-5pg/ml) or 1ng/ml
recombinant human MIF (R&D Systems). For experiments to determine TLR-4 expression,
cells were supplemented with 100ng/ml TgMIF and 200ng/ml LPS from E. coli 055:B5
(Sigma-Aldrich, UK). Cells to assess CD74/CD44 expression were incubated for 4 hours
whereas experiments to assess TLR-4 expression were incubated for the durations indicated in

the time course. All cells were incubated at 37°C/ 5% CO,.
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5.2.8 Sample preparation, RNA extraction and cDNA synthesis for real time PCR
Supernatants were removed from wells and 4 x 10° cells were collected in 1ml Trizol per
treatment. Samples were then collected in a 2ml DNase/RNase free screw cap tube (Starlab,
UK). RNA was extracted from samples as detailed in 2.2.3. Samples were screened for gDNA
contamination by PCR as described 2.2.4 and cDNA was synthesised from clean RNA as
described in 2.2.5.

5.2.9 Preparation of standards for real time PCR

Standards were prepared for CD74, CD44, TLR-4 and TBP. The genes of interest were
amplified using specifically designed primers (see appendix) by PCR as described 2.2.6.
Amplified gene portions were excised from the agarose gel and DNA was isolated from the
agarose by gel extraction as described 2.2.7. In a ligation reaction, 2ul purified PCR product
was inserted into 0.5ul pDRIVE (Qiagen, UK) with 2.5ul ligation buffer (Qiagen, UK)
overnight at 4°C. Ligation reactions were transformed as described 2.2.10 and 2.2.11 except
agar plates were coated with 100pul 100mM IPTG (Biogene, Hudington, UK), 20ul of
100pg/ml ampicillin (Sigma-Aldrich, UK) and 20ul of 50ug/ml X-gal (Apollo Scientific,
Stockport, UK) prior to the addition of 140ul transformed cells. Agar plates were screened the
following day for the formation of white colonies. This screening system works on the
principle that successful insertion of gene products disrupts the lacZ gene resulting in a
dysfunctional B-galactosidase which is responsible for the production of blue colonies.
Therefore, a white colony was selected, indicative of a plasmid with a successfully inserted
PCR product, and inoculated into a 10ml LB broth containing 10ul ampicillin and incubated
overnight at 37°C on a rotary shaker (225rpm). Plasmids were then purified as described
2.2.13. Subsequently plasmids were screened for successful insertion by restriction enzyme
digest in a reaction where Spul plasmid was incubated with 1ul EcoRI (Promega, Southampton),
1ul buffer H and 2pul molecular grade water (Sigma-Aldrich) at 37°C for 2 hours. Digest
products were visualised on a 1.8% agarose gel. Clones containing successfully inserted DNA
were quantified using a spectrophotometer and dilutions were made to produce a range of

standards from 3 x 10° to 3 x 10* copies. Standard curves are shown in appendix D.
5.2.10 Quantitative real time PCR

Real time PCR reactions contained 6.25ul SYBR green (Agilent Technologies, Santa Clara,
USA), 5.25ul molecular grade water (Sigma Alrdich), 25pmol forward primer
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, 25pmol reverse primer and 1ul template (cDNA from samples or standards). Specific primers
were used for the gene of interest to be amplified (see appendix A). For negative controls, 1ul
molecular grade water was added instead of cDNA. Reactions obeyed the following thermal
profile: 1 cycle at 95°C for 10minutes, 40cycles for 1 minute at 95°C, 1 minute at specific
annealing temperature (see appendix) and 1 minute at 72°C. Finally reactions were subjected
to 1 minute at 95°C, 30 seconds at 55°C and 30 seconds at 95°C. Copy numbers of the gene of
interest present in each sample were automatically determined by the Stratagene MXP3000
software. Relative expression of the gene of interest was then calculated based on comparison

of expression of the house-keeping gene Thp.

5.2.11 Stimulation of macrophages for Western blot

Cells were seeded in a 6 well plate (Nunc, Loughborough, UK) at 1x10° cells/ml in a total
volume of 1ml. Cells were then incubated overnight at 37°C/ 5% CO, to allow macrophages
to adhere to wells. Cells were stimulated with TgMIF (100ng/ml) or 1ng/ml recombinant
human MIF (R&D Systems) over a time course ranging from 5 minutes to 120 minutes. Cells

were incubated at 37°C/ 5% CO, throughout the duration of the experiment.

5.2.12 Sample preparation for Western blot

To harvest cells, the medium was removed and cells were washed with 500ul PBS which was
subsequently removed by aspiration. To each well, 150ul sample buffer was added and cells
were collected by agitation of the well surface with the plunger of a 2ml syringe. Samples

were stored in microcentrifuge tubes which were boiled prior to use in Western blot.

5.2.13 ERK MAPK Western blot

An SDS polyacrylamide gel was set as described 2.2.15 and 25ul of each sample was loaded
per lane. Western blots were performed as described in 2.2.22. Membranes were probed with
(1:7500) anti-phosphorylated ERK and anti-total ERK antibody (Santa Cruz Biotechnologies,
Santa Cruz, USA). Membranes were subsequently probed with an HRP linked anti-rabbit 19G
or HRP linked anti-mouse 1gG secondary antibody (Santa Cruz Biotechnologies, Santa Cruz,
USA), for detection of total and phosphorylated ERK respectively. Secondary antibodies were
diluted to 1:7500 for use.
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Developed blots were scanned using a Epson Perfection 164054 Scanjet using Epson Twain
55.52 Scan Jet picture software. Scanned blots were normalised to control samples (total ERK)

and quantified using Scion Image (Scion Corporation, Maryland, USA).

5.2.14 Statistical Analysis

Data was interpreted using GraphPad Prism Version 5.0 where all data is shown as a mean £
SE where n=3. Significant differences were determined using students t-test where
***p<0.0001 **p<0.001 *p<0.05 is significant.
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5.3 Results

5.3.1 Production of endotoxin-free TgMIF

Purified recombinant TgMIF was removed of endotoxin using ProteoSpin® endotoxin removal
columns and subsequent LPS levels remaining in samples were quantified using chromogenic
LAL endpoint assay. Recombinant TgMIF typically contained less than 0.008ng/mg protein of
LPS at working concentration. A positive control of a separate contaminated protein which
had not been subject to an endotoxin removal procedure, was found to have around 48 times
more LPS at TgMIF working concentration. Experimental controls were shown to contain
negligible amounts of LPS (Figure 5.1).

5.3.2 Endotoxin-free TgMIF drives IL-8 production by human PBMC

TgMIF was found to induce IL-8 from human PBMC in a dose dependent manner.
Furthermore, while 1ng/ml HsMIF induced 22520 pg/ml IL-8 production from PBMC, TgMIF
induced 7993 pg/ml IL-8. Consequently, TgMIF is 40% as effective at stimulating IL-8 as
equivalent levels of HsMIF from PBMC. Results shown are from one run and representative of
the pattern of expression observed in other runs (Figure 5.2).

5.3.3 Endotoxin-free TgMIF induces ERK MAPK activation in macrophages

An increase in ERK MAPK activation was observed in macrophages stimulated with 100ng/ml
TgMIF. Increase in ERK MAPK activation was represented by an increase in phosphorylation
of p42/p44 ERK up to 30minutes post stimulation and thereafter phosphorylation decreases.
After 30minutes stimulation with TgMIF, there is a ~30x increase in ERK MAPK activation
compared to unstimulated control (Figure 5.3)

The same pattern of activation was observed following stimulation with 1ng/ml HsMIF
whereby phosphorylation peaked after 30 minutes stimulation when phosphorylated ERK
increased ~270 x compared to unstimulated cells (Figure 5.4)

5.3.4 Endotoxin-free TgMIF has no effect on CD74/CD44 expression on
macrophages, except at high concentrations

Following stimulation of bone marrow-derived macrophages with 5ug TgMIF a significant
increase in CD74 expression was observed, compared with unstimulated controls. At all other

concentrations tested, no significant effect on CD74 expression was observed (Figure 5.5A).
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Stimulation of macrophages with TgMIF did not result in a significant increase or decrease in

CD44 expression at any of the concentrations tested (Figure 5.5B).

5.3.5 Endotoxin-free TgMIF, in concert with LPS, downregulates TLR-4
expression on macrophages

Stimulation of bone marrow-derived macrophages with 100ng/ml TgMIF had no significant
effect on TLR-4 expression compared with unstimulated controls. By comparison, LPS
stimulation alone induced significant upregulation of TLR-4 expression. Indeed, TLR-4
expression levels in stimulated cells were equal to those of the unstimulated controls.
However, treatment of cells with TgMIF and LPS in combination resulted in an ablation of the

LPS-induced upregulation of TLR-4 expression (Figure 5.6).
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Figure 5.1: Determination of endotoxin contaminants in protein samples.
Protein samples tested via limulus amoebocyte lysate assay prior to stimulation of cells. All LAL assay
reagents are also tested for LPS contamination. Protein samples with endotoxin levels <0.01ng/ml

were used in stimulations. Positive control: contaminated sample.
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Figure 5.2 The effect of TgJMIF on IL-8 production from human PBMC.

The effect of TgMIF on IL-8 production from human PBMC was measured by ELISA. TgMIF stimulation
significantly increases IL-8 production from human PBMC in a dose-dependent manner. ***p<0.0001
**p<0.001
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Figure 5.3 The effect of TgMIF stimulation on ERK MAPK activation in macrophages

Stimulation of bone marrow-derived macrophages with 100ng/ml TgMIF results in activation of ERK
MAPK which peaks around 30 minutes post stimulation (Figure 5.3A and figure 5.3B). Panel A shows
western blots of samples probed for phosphorylated isoforms of p42/44 ERK (i.e. p-p42/44 ERK) as
well as total ERK (T-ERK). Scanned blots in Panel A were normalised and quantified by scanning

densitometry. Normalised data is shown in Panel B. *p<0.05 **p<0.001
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Figure 5.4 The effect of HsMIF on ERK MAPK activation in macrophages

Stimulation of macrophages with 1ng/ml HsMIF results in ERK MAPK activation which peaks around 30
minutes post stimulation (Figure 5.4A and Figure 5.4B). Panel A shows western blots of samples
probed for phosphorylated isoforms of p42/44 ERK (i.e. p-p42/44 ERK) as well as total ERK (T-ERK).

Scanned blots in Panel A were normalised and quantified by scanning densitometry. Normalised data
is shown in Panel B. ***p<0.0001
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Figure 5.5 The effect of TgMIF on CD74 and CD44 mRNA levels in macrophages

Expression of CD74 and CD44 at the mRNA level was quantified via real time PCR. Macrophages
stimulated with increasing concentrations of TgMIF did not significantly increase CD74 expression,
except at 5ug/ml (Figure 5.5A). Stimulation with TgMIF did not significantly effect CD44 expression at
any of the concentrations tested (Figure 5.5B). . ***p<0.0001 *p<0.05
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Figure 5.6 The effect of LPS and TgMIF on TLR-4 expression

Expression of TLR-4 at the mRNA level was quantified via real time PCR. TLR-4 expression of
macrophages stimulated with LPS was significantly increased following 30 minutes post stimulation
(Figure 5.6A). TLR-4 expression was unaffected by TgMIF stimulation in comparison to LPS alone
control (Figure 5.6B). Stimulation of macrophages with both TgMIF and LPS in combination did not

effect TLR-4 expression compared with unstimulated controls (Figure 5.6C).
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5.4 Discussion

In this study, the production of recombinant endotoxin-free TgMIF has allowed for the
biological characterisation of this protein. Subsequently, TgMIF has been shown to be a
biologically active protein capable of driving IL-8 production from human PBMC whilst
having the ability to activate ERK-MAPK pathways in macrophages. By comparison, TgMIF
was unable to upregulate CD74 and CD44 expression in bone marrow macrophages, except at
concentrations which are not physiologically relevant. In addition, the ability of TgMIF to
ablate LPS induced TLR-4 expression has been demonstrated.

MIF has been associated with many biological processes including its ability to counteract the
immunosuppressive properties of GC (Calandra et al., 1995) as well as being able to inhibit
p53 dependent apoptosis of macrophages (Mitchell et al., 2002). However, a recent study by
Kudrin et al., (2006) has highlighted the inconsistency in reporting of endotoxin removal
procedures and endotoxin levels present in protein batches in MIF studied. For example, a
study by Nguyen et al., (2003) which determined the ability of MIF mutants to suppress GC
activity, failed to document an LPS removal step in these experiments. Furthermore, in other
work which demonstrates the ability of MIF to significantly increase the proliferation of
fibroblast like synoviocytes, there is no recognition of an endotoxin removal procedure in this
work (Lacey et al., 2003). As a result, it is possible that studies where LPS levels in protein
preparations are not documented or even indeed if a removal procedure was performed, the
authenticity of these results may be called into question. Subsequently, the production of LPS-
free recombinant TgMIF was essential to provide reliable and robust data. The accepted
maximum level of endotoxin present in samples being used to stimulate cell cultures is a
somewhat grey area as currently there is a lack of established guidelines on this matter.
However, what is apparent is that accepted levels vary according to cell types being used. An
initial review by Case Gould (1984) documented that 1ng/ml contaminant endotoxin was
capable of activating macrophages. Later, Morris et al., (1992) reported that 0.5ng/ml LPS
could significantly increase IL-6 production from macrophages. Subsequently, the Profos AG
endotoxin compendium has suggested that 0.01ng/ml LPS is the maximum acceptable level of
endotoxin which can be present in samples being used for the stimulation of macrophages and
mononuclear phagocytes. Therefore, batches of TgMIF were only ever used in these studies if
LPS contamination was less than 0.01ng/ml. However, a typical batch of recombinant TgMIF

contained less than 0.008ng/ml endotoxin.
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Recombinant endotoxin-free TgMIF ranging from 1ng/ml to 1000ng/ml induced IL-8
production from human PBMC in a dose-dependent manner. This result is similar to that of
HsMIF which has been previously shown to induce IL-8 production from THP-1 cells and
human PBMC, across a concentration range between 1ng/ml and 1000ng/ml. Of note, IL-8
production peaked in PBMC following stimulation with 1ng/ml HsMIF (Kudrin et al., 2006).
In comparison with HsMIF, 1ng/ml TgMIF induced ~40% IL-8 from PBMC. The relativity of
these results is highlighted by IL-8 function. IL-8 is secreted by many cells such as endothelial
and epithelial cells in response to challenge by foreign antigen and functions mainly as a
chemoattractant for cells of the immune response including macrophages but primarily
neutrophils. In the acute stages of T. gondii infection, the rapid recruitment of neutrophils to
the site of infection is essential for resolution of infection (Denkers et al., 2004). 1L-8
production from fibroblasts and Hela cells has been reported from cells infected with T. gondii
tachyzoites (Denney et al., 1999). Our results therefore suggest TgMIF is a strong candidate to
induce this effect. The recruitment of neutrophils to the site of infection not only provides
potential new host cells for the parasite, but also, neutrophils produce IL-12 which can also
attract dendritic cells which have been shown in recent studies to act as Trojan horses for T.

gondii dissemination (Lambert et al., 2006, Bierly et al., 2008).

Stimulation of bone marrow-derived macrophages with 100ng/ml TgMIF results in an increase
in ERK MAPK phosphorylation. This result is associated with an increase in phosphorylated
isoforms of p44 ERK and p42 ERK, peaking 30 minutes post stimulation. TgMIF activation of
ERK-MAPK pathways is ~30 times greater than that of unstimulated controls, whereas
stimulation of macrophages with 1ng/ml HsMIF increases ERK MAPK activation ~270 times.
Therefore, although TgMIF is capable of significantly activating ERK MAPK, this activity is
significantly reduced in comparison to that of HsMIF. Other MIF homologues have been
shown to activate ERK MAPK. For example, Kamir et al., (2008) demonstrated that LmMIF
was capable of inducing ERK MAPK at concentrations ranging from 10ng/ml to 50ng/ml. Itis
also of interest that previous studies have linked activation of ERK MAPK with a subsequent
increase in production of IL-8 (Buchholz and Stephens, 2007). Therefore, it would be of
interest to measure ERK MAPK activation in human PBMC following stimulation with TgMIF

which is associated with an increase in IL-8 production.

The MIF receptor is CD74 (Leng et al., 2003), which in association with CD44 forms an active

signal transduction pathway following engagement of MIF (Shi et al., 2006). Stimulation of
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macrophages with TgMIF resulted in a significant increase in mRNA levels of CD74 at Spg/ml
whereas no significant increase in CD44 was observed at any concentration of TgMIF tested.
This is in contrast to stimulation with 1ng/ml HsMIF which results in a significant increase in
both CD74 and CD44 at the mRNA level. However, to date, no separate study has been
published which determines the effect of HsSMIF on CD74 and CD44 expression at the mRNA
and protein level in macrophages. Indeed, a study by Gore et al., (2008) found an increase in
CD74 mRNA expression in B cells following stimulation with 100ng/ml HsMIF for 2 hours,
although, no change in CD44 mRNA levels was detected. However in these cells, CD74 and
CD44 still formed a functional MIF receptor. Therefore, if these results were comparable to
those observed in the macrophage, this would suggest that although TgMIF does not upregulate
CD74/CD44 within physiological concentrations, TgMIF may still engage surface CD74 to
form a functional MIF receptor. Furthermore, if TgMIF is capable of binding CD74, it may be
a successful competitor of HsMIF for receptor binding. Subsequently, such activities may be
an attempt to block anti-parasitic mechanisms which may occur as a result of HsMIF

engagement.

Previous studies have documented the ability of mammalian MIF to upregulate the basal
expression of TLR-4 on macrophages following stimulation (Roger et al., 2001). It was
therefore of interest to determine whether TgMIF was capable of inducing an effect on TLR-4
expression. TgMIF does not significantly increase or decrease TLR-4 mRNA levels following
stimulation with 100ng/ml in comparison with unstimulated cells. However, intriguingly, in
the presence of both TgMIF and LPS, the natural ligand for TLR-4, an apparent down
regulatory effect is observed on TLR-4 mRNA levels when compared with unstimulated
controls. Indeed, these results were unexpected and prompted suggestion of a potential role for
TgMIF in downregulating TLR-4 expression in the presence of LPS, functioning perhaps in an
anti-inflammatory capacity. These preliminary results may also imply that TgMIF may be
capable of modulating macrophage responses to LPS. The ability of the parasite to control host
immune responses to infection would prove beneficial to parasite survival. However, there is
limited information regarding MIF regulation of TLR-4 expression (Roger et al., 2001,
Ohkawara et al., 2005) and indeed there are no published data detailing effects of other parasite

homologues of MIF on TLR-4 expression.
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Chapter 6

Discussion
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6.0 Discussion

Since its discovery in 1966, MIF has been described as a key pro-inflammatory cytokine
involved in both innate and adaptive immune responses. Not only was MIF the first cytokine
to be discovered, it is also unique in so far as it is a chemokine, a hormone and it has enzyme
activities which may mediate biological functions. Furthermore, a role for MIF as a potent

mediator in human diseases including rheumatoid arthritis and cancers has also been described.

The MIF gene is found in a great variety of different species including M. musculus, Rattus
norvegicus, Arabidopsis thaliana, Danio rerio and Xenopus laevis. Homologues of MIF have
also been identified in several parasitic species including L. major, T. spiralis and A.
ceylanicum and indeed the first published study of a parasitic MIF homologue detailed the
characterisation of B. malayi MIF (Pastrana et al., 1998).

The research presented in this thesis describes the first account of a homologue of MIF found
in the T. gondii genome. Bioinformatical analysis of TgMIF found in the genomes of four
different strains of T. gondii, revealed great sequence conservation between strains with a
single nucleotide substitution being the only highlighted difference. Sequence conservation
can be an indication of the importance of a particular gene and indeed the fact that TgMIF has
not been removed from the genome due to evolutionary selection pressures or even undergone
any substantial mutational events, suggests that TgMIF performs an important role with regard

to the ability of a the parasite to initiate a successful infection.

Further bioinformatical analysis also revealed that MIF is conserved within other species
although MIF homologues have not been identified in all Apicomplexa including C. parvum,
T. parvum and T. annulata.  Despite this, MIF sequences have been identified in other
Apicomplexa such as P. falciparum and N. caninum and indeed, TgMIF shares greatest
homology with these species. However greatest sequence conservation is observed between T.
gondii and the closely related species N. caninum whereby over 76% conservation is observed.

Preliminary experiments suggest that at the mRNA level, TgMIF is expressed in both
tachyzoites and bradyzoites. Furthermore, although unquantifiable, TgJMIF expression at the
MRNA level appears to be greater in tachyzoites than bradyzoites. However, further studies
are required to determine whether this translates through to the protein level. MIF expression

has also been shown to vary at different stages presented throughout the life cycle of other
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Apicomplexa (Augustijn et al., 2007, Miska et al., 2007). It would therefore be of interest to
further study the stage-specific expression of TgMIF throughout the T. gondii life cycle, which

may provide an indication of protein function.

Following generation of anti-TgMIF antibodies, it was possible to identify TgMIF as a protein
found in the secretory products of tachyzoites cultured in vitro. To date, the mechanism by
which MIF/TgMIF is secreted is unclear as these proteins lack N-terminal signal sequences
which are required for conventional protein secretion. With recent literature suggesting a role
for the golgi protein p115 in human MIF secretion, it was anticipated that there may be a p115
homologue in the T. gondii genome. However, a search of the T. gondii genome using a variety
of p115 sequences from mammals, helminths, bacteria e.t.c. did not produce any significant
hits. Further searches also suggested that p115 homologues were not present in the genomes of
other protozoan parasites such as Plasmodium and Leishmania. Subsequently, it may be
possible that secretion of MIF homologues in these protozoan parasites is independent of
p115.

Cloning, expression and purification of TgMIF allowed for the enzymatic characterisation of
TgMIF to be carried out under optimised conditions. TgMIF tautomerase activity was
measured by the conversion of L.DOPA methyl ester to DHICA which was 91 fold lower than
the measured activity for HsMIF. This significantly reduced tautomerase activity is not unlike
what has been measured for other homologues (Kamir et al., 2008, Richardson et al., 2009,
Cho et al., 2007). Previous reports have speculated that MIF biological function may be
mediated via its enzyme activities (Swope et al., 1998, Lubetsky et al., 2002). As TgMIF is a
potent stimulator of IL-8 production but has relatively weak enzymatic activity, it could
indicate that this biological activity is independent of enzyme activities closely associated with
MIF. Conversely, conservation of the active site but not necessarily the enzyme function, may
be all that is required for immunological activity. Future studies will elucidate the mode of
action of TgMIF and determine whether enzyme activities and IL-8 production are linked.

Characterisation of TgMIF tautomerase activity has involved the thorough optimisation of
assay conditions including parameters such as the selection of an appropriate buffer and pH.
This study has also highlighted the need to carry out storage assays as TgMIF tautomerase
activity quickly deteriorates following purification.  Furthermore, the lack of fully

comprehensive enzyme studies in MIF homologues, with the exception of T. spiralis (Tan et
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al., 2001), makes it difficult to compare the efficiency of TgMIF as an enzyme in comparison

with other homologues.

MIF oxidoreductase activity is less well researched and indeed, in the case of parasite
homologues, this activity is often not discussed (Cho et al., 2007, Zang et al., 2002, Kamir et
al., 2008). This is perhaps due to evidence which suggests that both conserved cysteines are
required for optimal oxidoreductase activity (Kleemann et al., 1998) and it is often the case
that in many homologues, one of these cysteines is absent (Cho et al., 2007, Miska et al., 2007,
Kamir et al., 2008). Characterisation of TgMIF oxidoreductase activity shows that this activity
is virtually undetectable, even under optimised assay conditions. This is similar to LmMIF

which has a small yet detectable activity (Richardson et al., 2009).

The production of recombinant TgMIF also allowed for the crystal structure of this protein to
be determined. TgMIF structure was determined by crystallography (see appendix F). As
expected, the global topology of TgMIF is similar to that of HSMIF in that the protein forms a
trimeric architecture, whereby each monomer consists of a four stranded beta sheet with two
alpha helices. However, there are subtle differences in the TgMIF structure compared to
HsMIF, most notably substitutions in and around the active site. These substitutions result in
steric hindrance of the tautomerase active site which may account for the reduction in TgMIF
affinity for L. DOPA methyl ester in comparison to HSMIF as discussed in chapter 3.
Furthermore, these differences also prevent successful binding of MIF inhibitor 1SO-1 and

consequently TgMIF tautomerase activity is unaffected following incubation with 1ISO-1.

As discussed earlier, some previous studies which aimed to characterise aspects of MIF
function, failed to document an endotoxin removal procedure and consequently the LPS levels
present in experimental samples. Consequently, the results obtained may be due to endotoxin
contamination and not necessarily be a direct effect of MIF. However, based on the studies
discussed in chapter 5, the work carried out in this thesis was performed using endotoxin-free
recombinant TgMIF which had minimum levels of LPS less than 0.01ng/ml, thus providing

reliable results.

Endotoxin-free recombinant TgMIF has the ability to induce IL-8 production from human
PBMC. Furthermore, an increase in ERK MAPK activation following TgMIF stimulation

complements the increase of IL-8 produced in stimulated cells. Despite weaker ERK MAPK
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activation being measured following TgMIF stimulation in comparison to HsMIF, this may
also account for HsMIF being a more efficient mediator of IL-8 production. In addition, this
pattern of I1L-8 induction has been observed in studies with other MIF homologues. Both B.
malayi MIF homologues have been shown to induce IL-8 production from human monocytes,
with significant results being obtained following stimulation with 1uM BmMIF (Zang et al.,
2002). Furthermore, this study also highlighted the ability of BmMIFs to induce production of
endogenous HsSMIF from monocytes. This observation prompted suggestion that a positive
feedback loop may be in place. In addition, previous evidence has indicated that at high
concentrations of MIF, AP-1 dependent pro-inflammatory gene expression is blocked
(Kleemann et al., 2000). Therefore, it would be of interest to further analyse cell supernatants
from human PBMC stimulated with TgMIF to assess HsSMIF levels. An increase in HsMIF
production at the site of infection in synergy with parasite secreted TgMIF, may facilitate a
local environment in which pro-inflammatory gene expression is inhibited due to high
concentrations of MIF. This situation may counter regulate others which have been previously
discussed regarding TgMIF induced IL-8 production whereby the pro-inflammatory
environment created by IL-8 is balanced by MIF induced AP-1 inhibition, ultimately creating a

regulated environment which is optimal for parasite survival.

The MIF receptor is CD74 which in association with CD44 can facilitate signal transduction
(Leng et al., 2003, Shi et al., 2006). In this study, TgMIF did not significantly upregulate
either CD74 or CD44 expression on macrophages at physiological concentrations. However,
CD74 and CD44 are common cell surface glycoproteins and subsequently upregulation of
these proteins may be unnecessary (Goodison et al., 1999). These results however, do not rule
out the possibility of TgMIF being a suitable binding partner for CD74, and indeed it would be
of interest to assess the interaction between TgMIF and CD74. Studies in other parasite
homologues such as L. major and A. ceylanicum have shown that by measuring real time
binding interactions, both LmMIF and AcMIF bind CD74 (Kamir et al., 2008, Cho et al.,
2007). In particular, LmMIF and AcMIF bind CD74 with 3 and 4.5 fold lower affinity than
HsMIF respectively (Kamir et al., 2008, Cho et al., 2007).

Mammalian MIF upregulates TLR-4 expression on stimulated macrophages (Roger et al.,
2001). Stimulation of murine macrophages with TgMIF did not increase TLR-4 expression,
although, macrophages stimulated with both TgMIF and LPS had mRNA TLR-4 levels similar

to those unstimulated controls. This suggests a potential anti-inflammatory function for
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TgMIF in down regulating TLR-4 expression on LPS stimulated macrophages. Indeed, of
interest, T. gondii has ligands such as HSP70 (Aosai et al., 2006) which are capable of binding
TLR-4. However, further experimentation is required to confirm this hypothesis. Of note, it
would be of interest to observe the effects of TLR-4 expression on macrophages stimulated

with decreasing concentrations of TgMIF with LPS.

Within this thesis the immunomodulatory properties of TgMIF are well documented and
subsequently a role for TgMIF in T. gondii infection should not be dismissed. As discussed in
chapter 1, there are several described immunomodulatory mechanisms and molecules which
are released by T. gondii during infection, and although not described elsewhere, it may be
possible that TgMIF may act with other immunomodulatory molecules secreted by T. gondii

during infection in order to augment a particular response which best favours parasite survival.

To conclude, in this thesis the first description of the T. gondii homologue of human MIF is
described. The crystal structure of TgMIF has been solved and subsequently, TgMIF shares
the same global topology as HsMIF whereby it exists as a trimer composed of three identical
12.5KDa monomers. Furthermore, TgMIF has been successfully biochemically characterised
in a study which demonstrated a functional tautomerase activity but an inactive oxidoreductase
activity. In addition, endotoxin free, enzymatically active TgMIF has been shown to be an
immunologically active protein which is capable of inducing IL-8 production from human
PBMC whilst inducing ERK MAPK activation in murine macrophages. Although recombinant
TgMIF did not effect CD74 or CD44 expression on bone marrow derived macrophages, TLR-4
expression appeared to be downregulated following simultaneous stimulation of macrophages
with TgMIF and LPS.

153



References

154



Aeberli, D., Y. Yang, A. Mansell, L. Santos, M. Leech, and E. F. Morand. 2006.
Endogenous macrophage migration inhibitory factor modulates glucocorticoid
sensitivity in macrophages via effects on MAP kinase phosphatase-1 and p38 MAP
Kinase. Febs Letters 580:974-981.

Afonso, E., P. Thulliez, and E. Gilot-Fromont. 2006. Transmission of Toxoplasma
gondii in an urban population of domestic cats (Felis catus). International Journal for
Parasitology 36:1373-1382.

Ahmed, A. K., H. S. Mun, F. Aosai, L. X. Piao, H. Fang, K. Norose, and A. Yano.
2004. Roles of Toxoplasma gondii derived heat shock protein 70 in host defence

against T. gondii infection. Microbiology and Immunology 48:911-915.

Ajioka, J. W., J. C. Boothroyd, B. P. Brunk, A. Hehl, L. Hillier, I. D. Manger, M.
Marra, G. C. Overton, D. S. Roos, K. L. Wan, R. Waterston, and L. D. Sibley. 1998.
Gene discovery by EST sequencing in Toxoplasma gondii reveals sequences restricted

to the Apicomplexa. Genome Research 8:18-28.

Ajioka, J.W., J.M. Fitzpatrick, and C.P. Reitter. 2001. Toxoplasma gondii genomics:
shedding light on pathogenesis and chemotherapy. Expert Reviews in Molecular
Medicine 1:1-19.

Ajzenberg, D., N. Cogne, L. Paris, M. H. Bessieres, P. Thulliez, D. Filisetti, H. Pelloux,
P. Marty, and M. L. Darde. 2002. Genotype of 86 Toxoplasma gondii isolates
associated with human congenital toxoplasmosis, and correlation with clinical findings.
Journal of Infectious Diseases 186:684-689.

Akbar, S. M. F., M. Abe, H. Murakami, K. Tanimoto, T. Kumagi, Y. Yamashita, K.
Michitaka, N. Horiike, and M. Onji. 2001. Macrophage migration inhibitory factor in
hepatocellular carcinoma and liver cirrhosis; relevance to pathogenesis. Cancer Letters
171:125-132.

155



Al-Abed, Y., D. Dabideen, B. Aljabari, A. Valster, D. Messmer, M. Ochani, M.
Tanovic, K. Ochani, M. Bacher, F. Nicoletti, C. Metz, V. A. Pavlov, E. J. Miller, and
K. J. Tracey. 2005. ISO-1 binding to the tautomerase active site of MIF inhibits its pro-
inflammatory activity and increases survival in severe sepsis. Journal of Biological
Chemistry 280:36541-36544.

Albina, J. E., S. J. Cui, R. B. Mateo, and J. S. Reichner. 1993. Nitric Oxide-mediated
apoptosis in murine peritoneal-macrophages. Journal of Immunology 150:5080-5085.

Alexander, D., J. Mital, G. Ward, P. Bradley, and J. Boothroyd. 2005. Identification of
the moving junction complex of the apicomplexan parasite, Toxoplasma gondii: A
collaboration between distinct secretory organelles. American Journal of Tropical
Medicine and Hygiene 73:1100.

Aliberti, J., and A. Bafica. 2005. Anti-inflammatory pathways as a host evasion
mechanism for pathogens. Prostaglandins Leukotrienes and Essential Fatty Acids
73:283-288.

Aliberti, J., C. R. E. Sousa, M. Schito, S. Hieny, T. Wells, G. B. Huffnagle, and A.
Sher. 2000. CCR5 provides a signal for microbial induced production of IL-12 by CD8
alpha(+) dendritic cells. Nature Immunology 1:83-87.

Aliberti, J., J. G. Valenzuela, V. B. Carruthers, S. Hieny, J. Andersen, H. Charest, C.
Reis e Sousa, A. Fairlamb, J. M. Ribeiro, and A. Sher. 2003. Molecular mimicry of a
CCR5 binding-domain in the microbial activation of dendritic cells. Nature
Immunology 4:485-490.

Allain, J. P., C. R. Palmer, and G. Pearson. 1998. Epidemiological study of latent and
recent infection by Toxoplasma gondii in pregnant women from a regional population

in the UK. Journal of Infection 36:189-196.

Amin, M. A., C. S. Haas, K. Zhu, P. J. Mansfield, M. J. Kim, N. P. Lackowski, and A.

E. Koch. 2006. Migration inhibitory factor up-regulates vascular cell adhesion

156



molecule-1 and intercellular adhesion molecule-1 via Src, P13 kinase, and NF kappa B.
Blood 107:2252-2261.

Andreis, M., and E. R. Hurd. 1977. Macrophage migration inhibitory factor in
rheumatoid pericarditis. Arthritis and Rheumatism 20:969-974.

Anonymous. 1994. The CCP4 suite: programs for protein crystallography. Acta
Crystallographica. Section D, Biological Crystallography. 50:760-763

Aosai, F., M. S. R. Pena, H. S. Mun, H. Fang, T. Mitsunaga, K. Norose, H. K. Kang, Y.
S. Bae, and A. Yano. 2006. Toxoplasma gondii derived heat shock protein 70
stimulates maturation of murine bone marrow-derived dendritic cells via Toll-like
receptor 4. Cell Stress & Chaperones 11:13-22.

Apte, R. S., D. Sinha, E. Mayhew, G. J. Wistow, and J. Y. Niederkorn. 1998. Cutting
edge: Role of macrophage migration inhibitory factor in inhibiting NK cell activity and
preserving immune privilege. Journal of Immunology 160:5693-5696.

Araujo, F. G. 1991. Depletion of L3T4+ (CD4+) lymphocytes prevents development of
resistance to Toxoplasma gondii in mice. Infection and Immunity 59:1614-1619.

Artis, D., A. Villarino, M. Silverman, W. M. He, E. M. Thornton, S. Mu, S. Summer,
T. M. Covey, E. Huang, H. Yoshida, G. Koretzky, M. Goldschmidt, G. D. Wu, F. de
Sauvage, H. R. P. Miller, C. J. M. Saris, P. Scott, and C. A. Hunter. 2004. The IL-27
receptor (WSX-1) is an inhibitor of innate and adaptive elements of type 2 immunity.
Journal of Immunology 173:5626-5634.

Augustijn, K. D., R. Kleemann, J. Thompson, T. Kooistra, C. E. Crawford, S. E. Reece,
A. Pain, A. H. G. Siebum, C. J. Janse, and A. P. Waters. 2007. Functional
characterization of the Plasmodium falciparum and P. berghei homologues of

macrophage migration inhibitory factor. Infection and Immunity 75:1116-1128.

Bach, J. P., B. Rinn, B. Meyer, R. Dodel, and M. Bacher. 2008. Role of MIF in

Inflammation and Tumorigenesis. Oncology 75:127-133.

157



Bacher, M., A. Meinhardt, H. Y. Lan, W. Mu, C. N. Metz, J. A. Chesney, T. Calandra,
D. Gemsa, T. Donnelly, R. C. Atkins, and R. Bucala. 1997. Migration inhibitory factor
expression in experimentally induced endotoxemia. American Journal of Pathology
150:235-246.

Bacher, M., J. Schrader, N. Thompson, K. Kuschela, D. Gemsa, G. Waeber, and J.
Schlegel. 2003. Up-regulation of macrophage migration inhibitory factor gene and
protein expression in glial tumor cells during hypoxic and hypoglycemic stress
indicates a critical role for angiogenesis in glioblastoma multiforme. American Journal
of Pathology 162:11-17.

Bacher, M., E. Weihe, B. Dietzschold, A. Meinhardt, H. Vedder, D. Gemsa, and M.
Bette. 2002. Borna disease virus-induced accumulation of macrophage migration
inhibitory factor in rat brain astrocytes is associated with inhibition of macrophage
infiltration. Glia 37:291-306.

Baril, L., T. Ancelle, V. Goulet, P. Thulliez, V. Tirard-Fleury, and B. Carme. 1999.
Risk factors for Toxoplasma infection in pregnancy: A case-control study in France.

Scandinavian Journal of Infectious Diseases 31:305-309.

Barragan, A., and L. D. Sibley. 2002. Transepithelial migration of Toxoplasma gondii
is linked to parasite motility and virulence. Journal of Experimental Medicine
195:1625-1633.

Batten, M., J. Li, S. Yi, N. M. Kljavin, D. M. Danilenko, S. Lucas, J. Lee, F. J. de
Sauvage, and N. Ghilardi. 2006. Interleukin 27 limits autoimmune encephalomyelitis
by suppressing the development of interleukin 17-producing T cells. Nature
Immunology 7:929-936.

Baumann, R., C. Casaulta, D. Simon, S. Conus, S. Yousefi, and H. U. Simon. 2003.

Macrophage migration inhibitory factor delays apoptosis in neutrophils by inhibiting
the mitochondria-dependent death pathway. Faseb Journal 17:2221-2230.

158



Beckers, C. J. M., J. F. Dubremetz, O. Mercereaupuijalon, and K. A. Joiner. 1994. The
Toxoplasma gondii rhoptry ROP-2 is inserted into the parasitophorous vacuole
membrane, surrounding the intracellular parasite and is exposed to the host cell
cytoplasm. Journal of Cell Biology 127:947-961.

Bendrat, K., Y. AlAbed, D. J. E. Callaway, T. Peng, T. Calandra, C. N. Metz, and R.
Bucala. 1997. Biochemical and mutational investigations of the enzymatic activity of
macrophage migration inhibitory factor. Biochemistry 36:15356-15362.

Benenson, M. W., E. T. Takafuji, S. M. Lemon, R. L. Greenup, and A. J. Sulzer. 1982.
Oocyst transmitted toxoplasmosis associated with ingestion of contaminated water .
New England Journal of Medicine 307:666-669.

Bernhagen, J., T. Calandra, R. A. Mitchell, S. B. Martin, K. J. Tracey, W. Voelter, K.
R. Manogue, A. Cerami, and R. Bucala. 1993. MIF is a pituitary derived cytokine that
potentiates lethal endotoxemia. Nature 365:756-759.

Bernhagen, J., R. Krohn, H. Lue, J. L. Gregory, A. Zernecke, R. R. Koenen, M. Dewor,
I. Georgiev, A. Schober, L. Leng, T. Kooistra, G. Fingerle-Rowson, P. Ghezzi, R.
Kleemann, S. R. McColl, R. Bucala, M. J. Hickey, and C. Weber. 2007. MIF is a
noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell
recruitment. Nature Medicine 13:587-596.

Bernhagen, J., R. A. Mitchell, T. Calandra, W. Voelter, A. Cerami, and R. Bucala.
1994. Purification, bioactivity and secondary structure analysis of mouse and human

macrophage migration inhibitory factor (MIF). Biochemistry 33:14144-14155.

Bertoli, F., M. Espino, J. R. Arosemena, J. L. Fishback, and J. K. Frenkel. 1995. A
spectrum in the pathology of Toxoplasmosis in patients with acquired
immunodeficiency syndrome. Archives of Pathology & Laboratory Medicine 119:214-
224.

Beswick, E. J., and V. E. Reyes. 2009. CD74 in antigen presentation, inflammation, and

cancers of the gastrointestinal tract. World Journal of Gastroenterology 15:2855-2861.

159



Bierly, A. L., W. J. Shufesky, W. Sukhumavasi, A. E. Morelli, and E. Y. Denkers.
2008. Dendritic cells expressing plasmacytoid marker PDCA-1 are trojan horses during
Toxoplasma gondii infection. Journal of Immunology 181:8485-8491.

Black, M. W., and J. C. Boothroyd. 2000. Lytic cycle of Toxoplasma gondii.
Microbiology and Molecular Biology Reviews 64:607-+.

Bliss, S. K., B. A. Butcher, and E. Y. Denkers. 2000. Rapid recruitment of neutrophils
containing prestored IL-12 during microbial infection. Journal of Immunology
165:4515-4521.

Bliss, S. K., Y. Zhang, and E. Y. Denkers. 1999. Murine neutrophil stimulation by
Toxoplasma gondii antigen drives high level production of IFN-gamma-independent
IL-12. Journal of Immunology 163:2081-2088.

Blocki, F. A., P. M. Schlievert, and L. P. Wackett. 1992. Rat liver protein linking

chemical and immunological detoxification systems. Nature 360:269-270.

Bloom, B. R., and B. Bennett. 1966. Mechanism of a reaction in vitro associated with
delayed type hypersensitivity. Science 153:80-&.

Bohne, W., J. Heesemann, and U. Gross. 1994. Reduced replication of Toxoplasma
gondii is necessary for induction of bradyzoite specific antigens. A possible role for

nitric oxide in triggering stage conversion. Infection and Immunity 62:1761-1767.

Boothroyd, J. C., and M. E. Grigg. 2002. Population biology of Toxoplasma gondii and
its relevance to human infection: do different strains cause different disease? Current
Opinion in Microbiology 5:438-442.

Bourguignon, L. Y. W., E. Gilad, and K. Peyrollier. 2007. Heregulin-mediated ErbB2-

ERK signalling activates hyaluronan synthases leading to CD44-dependent ovarian
tumor cell growth and migration. Journal of Biological Chemistry 282:19426-19441.

160



Bourguignon, L. Y. W., K. Peyrollier, W. L. Xia, and E. Gilad. 2008. Hyaluronan-
CD44 interaction activates stem cell marker Nanog, Stat-3-mediated MDR1 gene
expression, and ankyrin-regulated multidrug efflux in breast and ovarian tumor cells.
Journal of Biological Chemistry 283:17635-17651.

Bourguignon, L. Y. W., P. A. Singleton, H. B. Zhu, and F. Diedrich. 2003. Hyaluronan-
mediated CD44 interaction with RhoGEF and Rho kinase promotes Grb2-associated
binder-1 phosphorylation and phosphatidylinositol 3-kinase signalling leading to
cytokine (Macrophage-Colony stimulating factor) production and breast tumor

progression. Journal of Biological Chemistry 278:29420-29434.

Bozza, F. A., R. N. Gomes, A. M. Japiassu, M. Soares, H. C. Castro-Faria-Neto, P. T.
Bozza, and M. T. Bozza. 2004. Macrophage migration inhibitory factor levels correlate
with fatal outcome in sepsis. Shock 22:309-313.

Bozza, M., A. R. Satoskar, G. S. Lin, B. Lu, A. A. Humbles, C. Gerard, and J. R.
David. 1999. Targeted disruption of migration inhibitory factor gene reveals its critical

role in sepsis. Journal of Experimental Medicine 189:341-346.

Bradley, P. J., and J. C. Boothroyd. 2001. The pro region of Toxoplasma ROP1 is a
rhoptry-targeting signal. International Journal for Parasitology 31:1177-1186.

Braun L, Travier L, Kieffer S, Musset K, Garin J, Mercier C, Cesbron-Delauw MF.
2008. Purification of Toxoplasma dense granule proteins reveals that they are in
complexes throughout the secretory pathway. Molecular and Biochemical Parasitology
157(1):13-21.

Brenier-Pinchart, M. P., H. Pelloux, J. Simon, J. Ricard, J. L. Bosson, and P. Ambroise-
Thomas. 2000. Toxoplasma gondii induces the secretion of monocyte chemotactic
protein-1 in human fibroblasts, in vitro. Molecular and Cellular Biochemistry 209:79-
87.

Brunet, L. R. 2001. Nitric oxide in parasitic infections. International

Immunopharmacology 1:1457-1467.

161



Bucala, R. 2000. A most interesting factor. Nature 408:146-147.

Buchholz, K. R., and R. S. Stephens. 2007. The extracellular signal-regulated
kinase/mitogen-activated protein kinase pathway induces the inflammatory factor
interleukin-8 following Chlamydia trachomatis infection. Infection and Immunity
75:5924-5929.

Burger-Kentischer, A., H. Gobel, R. Kleemann, A. Zerneckee, R. Bucala, L. Leng, D.
Finkelmeier, G. Geiger, H. E. Schaefer, A. Schober, C. Weber, H. Brunner, H. Rutten,
C. Ihling, and J. Bernhagen. 2006. Reduction of the aortic inflammatory response in
spontaneous atherosclerosis by blockade of macrophage migration inhibitory factor
(MIF). Atherosclerosis 184:28-38.

Butcher, B. A., R. I. Greene, S. C. Henry, K. L. Annecharico, J. B. Weinberg, E. Y.
Denkers, A. Sher, and G. A. Taylor. 2005. p47 GTPases regulate Toxoplasma gondii
survival in activated macrophages. Infection and Immunity 73:3278-3286.

Cai, G. F., R. Kastelein, and C. A. Hunter. 2000. Interleukin-18 (IL-18) enhances innate
IL-12-mediated resistance to Toxoplasma gondii. Infection and Immunity 68:6932-
6938.

Calandra, T., J. Bernhagen, C. N. Metz, L. A. Spiegel, M. Bacher, T. Donnelly, A.
Cerami, and R. Bucala. 1995. MIF as a glucocorticoid induced modualtor of cytokine
production. Nature 377:68-71.

Calandra, T., J. Bernhagen, R. A. Mitchell, and R. Bucala. 1994. Macrophage is an
important and previously unrecognised source of macrophage migration inhibitory
factor. Journal of Experimental Medicine 179:1895-1902.

Calandra, T., B. Echtenacher, D. Le Roy, J. Pugin, C. N. Metz, L. Hultner, D.
Heumann, D. Mannel, R. Bucala, and M. P. Glauser. 2000. Protection from septic
shock by neutralization of macrophage migration inhibitory factor. Nature Medicine
6:164-170.

162



Calandra, T., and T. Roger. 2003. Macrophage migration inhibitory factor: A regulator

of innate immunity. Nature Reviews Immunology 3:791-800.

Calandra, T., L. A. Spiegel, C. N. Metz, and R. Bucala. 1998. Macrophage migration
inhibitory factor is a critical mediator of the activation of immune cells by exotoxins of
gram-positive bacteria. Proceedings of the National Academy of Sciences of the United
States of America 95:11383-11388.

Carli, C., C. N. Metz, Y. Al-Abed, P. H. Naccache, and A. Akoum. 2009. Up-
Regulation of Cyclooxygenase-2 Expression and Prostaglandin E-2 Production in
Human Endometriotic Cells by Macrophage Migration Inhibitory Factor: Involvement
of Novel Kinase Signaling Pathways. Endocrinology 150:3128-3137.

Carruthers, V. B., and J. C. Boothroyd. 2007. Pulling together: an integrated model of
Toxoplasma cell invasion. Current Opinion in Microbiology 10:82-89.

Carruthers, V. B., S. N. J. Moreno, and L. D. Sibley. 1999. Ethanol and acetaldehyde
elevate intracellular Ca2+ and stimulate microneme discharge in Toxoplasma gondii.
Biochemical Journal 342:379-386.

Carruthers, V. B., and L. D. Sibley. 1997. Sequential protein secretion from three
distinct organelles of Toxoplasma gondii accompanies invasion of human fibroblasts.

European Journal of Cell Biology 73:114-123.

Case Gould M.J. 1984. Endotoxin in Vertebrae Cell Culture: Its Measurement and

Significance. In Uses and Standardization of Vertebrae Cell Lines. 125-136
Cerede, O., J. F. Dubremetz, M. Soete, D. Deslee, H. Vial, D. Bout, and M. Lebrun.
2005. Synergistic role of micronemal proteins in Toxoplasma gondii virulence. Journal

of Experimental Medicine 201:453-463.

Chaisavaneeyakorn, S., J. M. Moore, C. Othoro, J. Otieno, S. C. Chaiyaroj, Y. P. Shi,
B. L. Nahlen, A. A. Lal, and V. Udhayakumar. 2002. Immunity to placental malaria.

163



IV. Placental malaria is associated with up-regulation of macrophage migration

inhibitory factor in intervillous blood. Journal of Infectious Diseases 186:1371-1375.

Chaiyaroj, S. C., A. S. M. Rutta, K. Muenthaisong, P. Watkins, M. N. Ubol, and S.
Looareesuwan. 2004. Reduced levels of transforming growth factor-beta 1, interleukin-
12 and increased migration inhibitory factor are associated with severe malaria. Acta
Tropica 89:319-327.

Chang, H. R., and J. C. Pechere. 1989. Macrophage oxidative metabolism and

intracellular Toxoplasma gondii. Microbial Pathogenesis 7:37-44.

Charron, A. J., and L. D. Sibley. 2004. Molecular partitioning during host cell
penetration by Toxoplasma gondii. Traffic 5:855-867.

Chesney, J., C. Metz, M. Bacher, T. Peng, A. Meinhardt, and R. Bucala. 1999. An
essential role for macrophage migration inhibitory factor (MIF) in angiogenesis and the

growth of a murine lymphoma. Molecular Medicine 5:181-191.

Cho, Y. S., B. F. Jones, J. J. Vermeire, L. Leng, L. DiFedele, L. M. Harrison, H. B.
Xiong, Y. K. A. Kwong, Y. Chen, R. Bucala, E. Lolis, and M. Cappello. 2007.
Structural and functional characterization of a secreted hookworm macrophage
migration inhibitory factor (MIF) that interacts with the human MIF receptor CD74.
Journal of Biological Chemistry 282:23447-23456.

Chomczynski, P., and N. Sacchi. 1987. Single step method of RNA isolation by acid
guanidinium thiocyanate phenol chloroform extraction. Analytical Biochemistry
162:156-159.

Chuang CC, Wang ST, Chen WC, Chen CC, Hor LI, Chuang AY. 2007. Increases in
serum macrophage migration inhibitory factor in patients with severe sepsis predict
early mortality. Shock 27(5):503-6.

Clark, 1. A.,, M. M. Awburn, R. O. Whitten, C. G. Harper, N. G. Liomba, M. E.
Molyneux, and T. E. Taylor. 2003. Tissue distribution of migration inhibitory factor

164



and inducible nitric oxide synthase in falciparum malaria and sepsis in African children.

Malaria Journal 2. 2:6

Cohen, S.N., A.C. Chang and L. Hsu. 1972. Nonchromosomal antibiotic resistance in
bacteria: genetic transformation of Eschericia coli by R-factor DNA. Proceedings of
the National Academy of Sciences of the United States of America 69(8):2110-2114

Commodaro, A. G., R. N. Belfort, L. V. Rizzo, C. Muccioli, C. Silveira, M. N. Burnier,
and R. Belfort. 2009. Ocular toxoplasmosis: an update and review of the literature.
Mem Inst Oswaldo Cruz 104:345-350.

Cordery, D. V., U. Kishore, S. Kyes, M. J. Shafi, K. R. Watkins, T. N. Williams, K.
Marsh, and B. C. Urban. 2007. Characterization of a Plasmodium falciparum
macrophage-migration inhibitory factor homologue. Journal of Infectious Diseases
195:905-912.

Costa, J. M., M. L. Darde, B. Assouline, M. Vidaud, and S. Bretagne. 1997.
Microsatellite in the beta-tubulin gene of Toxoplasma gondii as a new genetic marker
for use in direct screening of amniotic fluids. Journal of Clinical Microbiology
35:2542-2545.

Couper, K. N., C. W. Roberts, F. Brombacher, J. Alexander, and L. L. Johnson. 2005.
Toxoplasma gondii-specific immunoglobulin M limits parasite dissemination by
preventing host cell invasion. Infection and Immunity 73:8060-8068.

Cresswell, P. 1994. Assembly, transport and function of MHC Class Il molecules.

Annual Review of Immunology 12:259-293.

Crichlow, G. V., J. B. Lubetsky, L. Leng, R. Bucala, and E. J. Lolis. 2009. Structural
and Kinetic Analyses of Macrophage Migration Inhibitory Factor Active Site
Interactions. Biochemistry 48:132-139.

Dabideen, D. R., K. F. Cheng, B. Aljabari, E. J. Miller, V. A. Pavlov, and Y. Al-Abed.

2007. Phenolic hydrazones are potent inhibitors of macrophage migration inhibitory

165



factor proinflammatory activity and survival improving agents in sepsis. Journal of
Medicinal Chemistry 50:1993-1997.

David, J. R. 1966. Delayed hypersensitivity in vitro - it's mediated by cell free
substances formed by lymphoid cell antigen interaction. Proceedings of the National

Academy of Sciences of the United States of America 56:72-&.

Dawson, H. D., E. Beshah, S. Nishi, G. Solano-Aguilar, M. Morimoto, A. P. Zhao, K.
B. Madden, T. K. Ledbetter, J. P. Dubey, T. Shea-Donohue, J. K. Lunney, and J. F.
Urban. 2005. Localized multigene expression patterns support an evolving Th1/Th2-
like paradigm in response to infections with Toxoplasma gondii and Ascaris suum.
Infection and Immunity 73:1116-1128.

De Mast, Q., F. Sweep, M. McCall, A. Geurts-Moespot, C. Hermsen, T. Calandra, M.
G. Netea, R. W. Sauerwein, and A. J. M. Van der Ven. 2008. A decrease of plasma
macrophage migration inhibitory factor concentration is associated with lower numbers
of circulating lymphocytes in experimental Plasmodium falciparum malaria. Parasite
Immunology 30:133-138.

DeckertSchluter, M., C. Buck, D. Weiner, N. Kaefer, A. Rang, H. Hof, O. D. Wiestler,
and D. Schluter. 1997. Interleukin-10 downregulates the intracerebral immune response

in chronic Toxoplasma encephalitis. Journal of Neuroimmunology 76:167-176.

Del Rio, L., S. Bennouna, J. Salinas, and E. Y. Denkers. 2001. CXCR2 deficiency
confers impaired neutrophil recruitment and increased susceptibility during Toxoplasma

gondii infection. Journal of Immunology 167:6503-6509.

Denkers, E. Y., B. A. Butcher, L. Del Rio, and S. Bennouna. 2004. Neutrophils,

dendritic cells and Toxoplasma. International Journal for Parasitology 34:411-421.
Denkers, E. Y., B. A. Butcher, L. Del Rio, and L. Kim. 2004. Manipulation of mitogen-

activated protein kinase/nuclear factor-kappa B-signaling cascades during intracellular

Toxoplasma gondii infection. Immunological Reviews 201:191-205.

166



Denkers, E. Y., and R. T. Gazzinelli. 1998. Regulation and function of T-cell-mediated
immunity during Toxoplasma gondii infection. Clinical Microbiology Reviews 11:569-

+.

Denkers, E. Y., and B. Striepen. 2008. Deploying parasite profilin on a mission of
invasion and danger. Cell Host & Microbe 3:61-63.

Denney, C. F., L. Eckmann, and S. L. Reed. 1999. Chemokine secretion of human cells

in response to Toxoplasma gondii infection. Infection and Immunity 67:1547-1552.

Desmonts G, J. Couvreur , F. Alison, J. Baudelot, J. Gerbeaux, and M. Lelong. 1965.
Epidemiological study on toxoplasmosis: the influence of cooking slaughter-animal
meat on the incidence of human infection. Revue francaise d'études cliniques et
biologiques 10(9):952-8.

Dessailly BH, M.F. Lensink, C.A. Orengo, and S.J Wodak. 2008 LinksLigASite--a
database of biologically relevant binding sites in proteins with known apo-structures.

Nucleic acids research D667-73

Deutsch JC. 1997. Determination of p-hydroxyphenylpyruvate, p-hydroxyphenyllactate
and tyrosine in normal human plasma by gas chromatography-mass spectrometry
isotope-dilution assay. Journal of Chromatography. B, Biomedical Sciences and
Applications 690(1-2):1-6.

Di Cristina, M., R. Spaccapelo, D. Soldati, F. Bistoni, and A. Crisanti. 2000. Two
conserved amino acid motifs mediate protein targeting to the micronemes of the
apicomplexan parasite Toxoplasma gondii. Molecular and Cellular Biology 20:7332-
7341.

Dinarello, C. A. 2000. Proinflammatory cytokines. Chest 118:503-508.

Dios, A., R. A. Mitchell, B. Aljabari, J. Lubetsky, K. O'Connor, H. Liao, P. D. Senter,
K. R. Manogue, E. Lolis, C. Metz, R. Bucala, D. J. E. Callaway, and Y. Al-Abed. 2002.

167



Inhibition of MIF bioactivity by rational design of pharmacological inhibitors of MIF
tautomerase activity. Journal of Medicinal Chemistry 45:2410-2416.

Dlugonska, H. 2008. Toxoplasma rhoptries: unique secretory organelles and source of
promising vaccine proteins for immunoprevention of toxoplasmosis. Journal of
Biomedicine and Biotechnology 2008:632424

Dobbin C.A, N.C. Smith and A.M Johnson. 2002. Heat shock protein 70 is a potential
virulence factor in murine toxoplasma infection via immunomodulation of host NF-

kappa B and nitric oxide. Journal of Immunology 169(2):958-65.

Du, J. C., Y. H. Yu, H. B. Tu, H. P. Chen, X. J. Xie, C. Y. Mou, K. X. Feng, S. C.
Zhang, and A. L. Xu. 2006. New insights on macrophage migration inhibitory factor:
Based on molecular and functional analysis of its homologue of Chinese amphioxus.
Molecular Immunology 43:2083-2088.

Dubey, J. P. 1998(a). Advances in the life cycle of Toxoplasma gondii. International
Journal for Parasitology 28:1019-1024.

Dubey, J. P. 1998(b). Toxoplasma gondii oocyst survival under defined temperatures.
Journal of Parasitology 84:862-865.

Dubey, J. P., and J. K. Frenkel. 1976. Feline Toxoplasmosis from acutely infected mice

and development of Toxoplasma cysts. Journal of Protozoology 23:537-546.

Dubey, J. P., C. A. Speer, S. K. Shen, O. C. H. Kwok, and J. A. Blixt. 1997. Oocyst-
induced murine toxoplasmaosis: Life cycle, pathogenicity, and stage conversion in mice
fed Toxoplasma gondii oocysts. Journal of Parasitology 83:870-882.

Dunn, D., M. Wallon, F. Peyron, E. Petersen, C. Peckham, and R. Gilbert. 1999.

Mother-to-child transmission of toxoplasmosis: risk estimates for clinical counselling.
Lancet 353:1829-1833.

168



Dzierszinski, F., M. Mortuaire, M. F. Cesbron-Delauw, and S. Tomavo. 2000. Targeted
disruption of the glycosylphosphatidylinositol-anchored surface antigen SAG3 gene in
Toxoplasma gondii decreases host cell adhesion and drastically reduces virulence in
mice. Molecular Microbiology 37:574-582.

Emsley,P, and K. Cowtan.2004. Coot:model building tools for molecular graphics.

Acta Crystallographica. Section D, Biological Crystallography 60:2126-2132

Evans G. 1991. Application of reproductive technology to the Australian livestock

industries. Reproduction, Fertility and Development 3(6):627-650.

Fain, J. N., D. S. Tichansky, and A. K. Madan. 2006. Most of the interleukin 1 receptor
antagonist, cathepsin S, macrophage migration inhibitory factor, nerve growth factor,
and interleukin 18 release by explants of human adipose tissue is by the non-fat cells,
not by the adipocytes. Metabolism-Clinical and Experimental 55:1113-1121.

Falcone, F. H., P. Loke, X. X. Zang, A. S. MacDonald, R. M. Maizels, and J. E. Allen.
2001. A Brugia malayi homolog of macrophage migration inhibitory factor reveals an
important link between macrophages and eosinophil recruitment during nematode

infection. Journal of Immunology 167:5348-5354.

Ferreira-da-Silva Mda F, R.M Rodrigues, E.F. de Andrade, L. de Carvalho, U. Gross,
C.G. Luder, and H.S Barbosa. 2009. Spontaneous stage differentiation of mouse-
virulent Toxoplasma gondii RH parasites in skeletal muscle cells: an ultrastructural
evaluation. Memdrias do Instituto Oswaldo Cruz Links 104(2):196-200.

Ferro, E. A. V., J. R. Mineo, F. Letta, N. Bechi, R. Romagnoli, D. A. Silva, G. Sorda,
E. Bevilacqua, and L. R. Paulesu. 2008. Macrophage migration inhibitory factor is up-
regulated in human first-trimester placenta stimulated by soluble antigen of Toxoplasma
gondii, resulting in increased monocyte adhesion on villous explants. American Journal
of Pathology 172:50-58.

Fichera, M. E., and D. S. Roos. 1997. A plastid organelle as a drug target in
apicomplexan parasites. Nature 390:407-409.

169



Filisetti, D., and E. Candolfi. 2004. Immune response to Toxoplasma gondii. Ann Ist
Super Sanita 40:71-80.

Fingerle-Rowson, G., P. Koch, R. Bikoff, X. C. Lin, C. N. Metz, F. S. Dhabhar, A.
Meinhardt, and R. Bucala. 2003. Regulation of macrophage migration inhibitory factor

expression by glucocorticoids in vivo. American Journal of Pathology 162:47-56.

Fiorentino, D. F., A. Zlotnik, T. R. Mosmann, M. Howard, and A. Ogarra. 1991. IL-10
inhibits cytokine production by activated macrophages. Journal of Immunology
147:3815-3822.

Flaster, H., J. Bernhagen, T. Calandra, and R. Bucala. 2007. The macrophage migration
inhibitory factor-glucocorticoid dyad: Regulation of inflammation and immunity.
Molecular Endocrinology 21:1267-1280.

Flieger, O., A. Engling, R. Bucala, H. Q. Lue, W. Nickel, and J. Bernhagen. 2003.
Regulated secretion of macrophage migration inhibitory factor is mediated by a non-

classical pathway involving an ABC transporter. Febs Letters 551:78-86.

Flores, M., R. Saavedra, R. Bautista, R. Viedma, E. P. Tenorio, L. Leng, Y. Sanchez, I.
Juarez, A. A. Satoskar, A. S. Shenoy, L. I. Terrazas, R. Bucala, J. Barbi, A. R. Satoskar,
and M. Rodriguez-Sosa. 2008. Macrophage migration inhibitory factor (MIF) is critical
for the host resistance against Toxoplasma gondii. Faseb Journal 22:3661-3671.

Foussard, F., M. A. Leriche, and J. F. Dubremetz. 1991. Characterisation of the lipid
content of Toxoplasma gondii rhoptries. Parasitology 102:367-370.

Frenkel J.K., A. Ruiz, and M. Chinchilla.1975. Soil survival of toxoplasma oocysts in

Kansas and Costa Rica. The American Journal of Tropical Medicine and Hygiene
24:439-443

170



Freshman, M. M., T. C. Merigan, Remingto.Js, and I. E. Brownlee. 1966. In vitro and
in vivo antiviral action of an intereferon like substance induced by Toxoplasma gondii.

Proceedings of the Society for Experimental Biology and Medicine 123:862-&.

Friedland, J. S., R. J. Shattock, J. D. Johnson, D. G. Remick, R. E. Holliman, and G. E.
Griffin. 1993. Differential cytokine gene expression and secretion after phagocytosis by
a human monocytic cell line of Toxoplasma gondii compared with Mycobacterium

tuberculosis. Clinical and Experimental Immunology 91:282-286.

Fuentes, 1., J. M. Rubio, C. Ramirez, and J. Alvar. 2001. Genotypic characterization of
Toxoplasma gondii strains associated with human toxoplasmosis in Spain: Direct

analysis from clinical samples. Journal of Clinical Microbiology 39:1566-1570.

Fux, B., C. V. Rodrigues, R. W. Portela, N. M. Silva, C. L. Su, D. Sibley, R. W. A.
Vitor, and R. T. Gazzinelli. 2003. Role of cytokines and major histocompatibility
complex restriction in mouse resistance to infection with a natural recombinant strain

(type I-111) of Toxoplasma gondii. Infection and Immunity 71:6392-6401.

Gaddi, P. J., and G. S. Yap. 2007. Cytokine regulation of immunopathology in
toxoplasmosis. Immunology and Cell Biology 85:155-159.

Galat, A., S. Riviere, F. Bouet, and A. Menez. 1994. A diversified family of 12KDa
porteins with a high amino acid sequence similarity to macrophage migration inhibitory
factor (MIF). European Journal of Biochemistry 224:417-421.

Gaskins, E., S. Gilk, N. DeVore, T. Mann, G. Ward, and C. Beckers. 2004.
Identification of the membrane receptor of a class XIV myosin in Toxoplasma gondii.
Journal of Cell Biology 165:383-393.

Gazzinelli, R. T., I. Eltoum, T. A. Wynn, and A. Sher. 1993(a). Acute cerebral
Toxoplasmosis induced by in vivo neutralisation of TNF alpha and correlates with the
down-regulated expression of inducible nitric oxide synthase and other markers of

macrophage activation. Journal of Immunology 151:3672-3681.

171



Gazzinelli, R. T., F. T. Hakim, S. Hieny, G. M. Shearer, and A. Sher. 1991. Synergistic
role of CD4+ and CD8+ lymphocytes in IFN-gamma production and protective
immunity induced by an attenuated Toxoplasma gondii vaccine. Journal of Immunology
146:286-292.

Gazzinelli, R. T., J. W. Hartley, T. N. Fredrickson, S. K. Chattopadhyay, A. Sher, and
H. C. Morse. 1992a. Opportunistic infections and retrovirus induced
immunodeficiency. Studies of acute and chronic infections with Toxoplasma gondii in
mice infected with LP-BM5 murine leukemia viruses. Infection and Immunity 60:4394-
4401.

Gazzinelli, R. T., S. Hieny, T. A. Wynn, S. Wolf, and A. Sher. 1993(b). Interleukin 12
is required for the T-lymphocyte independent induction of interferon gamma by an
intracellular parasite and induces resistance in T-cell deficient hosts. Proceedings of the
National Academy of Sciences of the United States of America 90:6115-61109.

Gazzinelli, R. T., I. P. Oswald, S. L. James, and A. Sher. 1992(b). IL-10 inhibits
parasite killing and nitrogen oxide production by IFN gamma activated macrophages.
Journal of Immunology 148:1792-1796.

Gazzinelli, R. T., M. Wysocka, S. Hayashi, E. Y. Denkers, S. Hieny, P. Caspar, G.
Trinchieri, and A. Sher. 1994. Parasite induced IL-12 stimulates early IFN gamma
sysnthesis and resistance during acute infection with Toxoplasma gondii infection.
Journal of Immunology 153:2533-2543.

Gazzinelli, R. T., M. Wysocka, S. Hieny, T. SchartonKersten, A. Cheever, R. Kuhn, W.
Muller, G. Trinchieri, and A. Sher. 1996. In the absence of endogenous IL-10, mice
acutely infected with Toxoplasma gondii succumb to a lethal immune response
dependent on CD4(+) T cells and accompanied by overproduction of IL-12, IFN-
gamma, and TNF-alpha. Journal of Immunology 157:798-805.

Geiger, C., and T. L. Vischer. 1976. Migration inhibition factor like activity in
inflammatory synovial fluids might be due to proteases. Clinical and Experimental
Immunology 26:176-180.

172



Gilbert, R. E., and M. R. Stanford. 2000. Is ocular toxoplasmosis caused by prenatal or
postnatal infection? British Journal of Ophthalmology 84:224-226.

Gilbert, R. E., M. R. Stanford, H. Jackson, R. E. Holliman, and M. D. Sanders. 1995.
Incidence of acute symptomatic Toxoplasma retinochoroiditis in South London
according to country of birth. British Medical Journal 310:1037-1040.

Glasner, P. D., C. Silveira, D. Kruszonmoran, M. C. Martins, M. Burnier, S. Silveira,
M. E. Camargo, R. B. Nussenblatt, R. A. Kaslow, and R. Belfort. 1992. An unusually
high prevelance of ocular toxoplasmosis in Southern Brazil. American Journal of
Ophthalmology 114:136-144.

Goodison, S., V. Urquidi, and D. Tarin. 1999. CD44 cell adhesion molecules. Journal
of Clinical Pathology-Molecular Pathology 52:189-196.

Gore, Y., D. Starlets, N. Maharshak, S. Becker-Herman, U. Kaneyuki, L. Leng, R.
Bucala, and I. Shachar. 2008. Macrophage migration inhibitory factor induces B cell
survival by activation of a CD74-CD44 receptor complex. Journal of Biological
Chemistry 283:2784-2792.

Grigg, M. E., J. Ganatra, J. C. Boothroyd, and T. P. Margolis. 2001. Unusual
abundance of atypical strains associated with human ocular toxoplasmosis. Journal of
Infectious Diseases 184:633-639.

Gubbels, M. J., B. Striepen, N. Shastri, M. Turkoz, and E. A. Robey. 2005. Class |
major histocompatibility complex presentation of antigens that escape from the
parasitophorous vacuole of Toxoplasma gondii. Infection and Immunity 73:703-711.

Hager KM, Striepen B, Tilney LG, Roos DS. 1999. The nuclear envelope serves as an

intermediary between the ER and Golgi complex in the intracellular parasite
Toxoplasma gondii. Journal of Cell Science 112: 2631-2638

173



Hajipour, G., W. H. Johnson, P. D. Dauben, N. J. Stolowich, and C. P. Whitman. 1993.
Chemical and enzymatic ketonization of 5-(carboxymethyl)-2-hydroxymuconate.
Journal of the American Chemical Society 115:3533-3542.

Han, Z.F., D.D. Shao, and H. Wang. 2004. Cloning and expression of a homologue of
human macrophage migration inhibitory factor from P. falciparum 3D7. Zhongguo Yi
Xue Ke Xue Yuan Xue Bao 26:515-518.

He, C. Y., B. Striepen, C. H. Pletcher, J. M. Murray, and D. S. Roos. 2001. Targeting
and processing of nuclear-encoded apicoplast proteins in plastid segregation mutants of

Toxoplasma gondii. Journal of Biological Chemistry 276:28436-28442.

Hermanowski-Vosatka, A., S. S. Mundt, J. M. Ayala, S. Goyal, W. A. Hanlon, R. M.
Czerwinski, S. D. Wright, and C. P. Whitman. 1999. Enzymatically inactive
macrophage migration inhibitory factor inhibits monocyte chemotaxis and random
migration. Biochemistry 38:12841-12849.

Holland, G. N. 1999. Reconsidering the pathogenesis of ocular toxoplasmosis.
American Journal of Ophthalmology 128:502-505.

Holland, G. N. 2004. LX Edward Jackson Memorial Lecture - Ocular toxoplasmosis: A
global reassessment - Part Il: Disease manifestations and management. American
Journal of Ophthalmology 137:1-17.

Holpert, M., C. G. K. Luder, U. Gross, and W. Bohne. 2001. Bradyzoite-specific
expression of a P-type ATPase in Toxoplasma gondii. Molecular and Biochemical
Parasitology 112:293-296.

Hoppe, H. C., H. M. Ngo, M. Yang, and K. A. Joiner. 2000. Targeting to rhoptry

organelles of Toxoplasma gondii involves evolutionarily conserved mechanisms.
Nature Cell Biology 2:449-456.

174



Horowitz, S. L., J. R. Bentson, F. Benson, I. Davos, B. Pressman, and M. S. Gottlieb.
1983. CNS toxoplasmosis in acquired immunodeficiency syndrome. Archives of
Neurology 40:649-652.

Howe, D. K., and L. D. Sibley. 1995. Toxoplasma gondii comprises 3 clonal lineages.
Correlation of parasite genotype with human disease. Journal of Infectious Diseases
172:1561-1566.

Hunter, C. A., A. Villarino, D. Artis, and P. Scott. 2004. The role of IL-27 in the
development of T-cell responses during parasitic infections. Immunological Reviews
202:106-114.

Hutchison.W.M 1965. Experimental transmission of Toxoplasma gondii. Nature
206:961-&.

Huynh, M. H., C. Opitz, L. Y. Kwok, F. M. Tomley, V. B. Carruthers, and D. Soldati.
2004. Trans-genera reconstitution and complementation of an adhesion complex in

Toxoplasma gondii. Cellular Microbiology 6:771-782.

Ibrahim, H. M., H. Bannai, X. Xuan, and Y. Nishikawa. 2009. Toxoplasma gondii
cyclophilin 18-mediated production of nitric oxide induces Bradyzoite conversion in a
CCR5-dependent manner. Infection and Immunity 77:3686-3695.

Ichiyama, H., S. Onodera, J. Nishihira, T. Ishibashi, T. Nakayama, A. Minami, K.
Yasuda, and H. Tohyama. 2004. Inhibition of joint inflammation and destruction
induced by anti-type 1l collagen antibody/lipopolysaccharide (LPS)-induced arthritis in
mice due to deletion of macrophage migration inhibitory factor (MIF). Cytokine
26:187-194.

Igarashi, 1., M. Taguchi, and N. Suzuki. 1979. Fundamental studies on macrophage
migration inhibitory factor(s) in the supernatant from spleen cells in mice infected with
Toxoplasma gondii. Zentralblatt Fur Bakteriologie Mikrobiologie Und Hygiene Series

a-Medical Microbiology Infectious Diseases Virology Parasitology 244:374-382.

175



Israelski, D. M., F. G. Araujo, F. K. Conley, Y. Suzuki, S. Sharma, and J. S.
Remington. 1989. Treatment with anti-L3T4 (CD4) monoclonal antibody reduces the
inflammatory response in Toxoplasmic encephalitis. Journal of Immunology 142:954-
958.

Ivens, A. C., C. S. Peacock, E. A. Worthey, L. Murphy, G. Aggarwal, M. Berriman, E.
Sisk, M. A. Rajandream, E. Adlem, R. Aert, A. Anupama, Z. Apostolou, P. Attipoe, N.
Bason, C. Bauser, A. Beck, S. M. Beverley, G. Bianchettin, K. Borzym, G. Bothe, C.
V. Bruschi, M. Collins, E. Cadag, L. Ciarloni, C. Clayton, R. M. R. Coulson, A.
Cronin, A. K. Cruz, R. M. Davies, J. De Gaudenzi, D. E. Dobson, A. Duesterhoeft, G.
Fazelina, N. Fosker, A. C. Frasch, A. Fraser, M. Fuchs, C. Gabel, A. Goble, A.
Goffeau, D. Harris, C. Hertz-Fowler, H. Hilbert, D. Horn, Y. T. Huang, S. Klages, A.
Knights, M. Kube, N. Larke, L. Litvin, A. Lord, T. Louie, M. Marra, D. Masuy, K.
Matthews, S. Michaeli, J. C. Mottram, S. Muller-Auer, H. Munden, S. Nelson, H.
Norbertczak, K. Oliver, S. O'Neil, M. Pentony, T. M. Pohl, C. Price, B. Purnelle, M. A.
Quail, E. Rabbinowitsch, R. Reinhardt, M. Rieger, J. Rinta, J. Robben, L. Robertson, J.
C. Ruiz, S. Rutter, D. Saunders, M. Schafer, J. Schein, D. C. Schwartz, K. Seeger, A.
Seyler, S. Sharp, H. Shin, D. Sivam, R. Squares, S. Squares, V. Tosato, C. Vogt, G.
Volckaert, R. Wambutt, T. Warren, H. Wedler, J. Woodward, S. G. Zhou, W.
Zimmermann, D. F. Smith, J. M. Blackwell, K. D. Stuart, B. Barrell, and P. J. Myler.
2005. The genome of the kinetoplastid parasite, Leishmania major. Science 309:436-
442,

Jackson, M. H., and W. M. Hutchison. 1989. The prevelance and source of Toxoplasma

infection in the environment. Advances in Parasitology 28:55-105.

Jacobs, L. 1963. Toxoplasma and Toxoplasmosis. Annual Review of Microbiology
17:429-&.

Jacobs, L., J. S. Remington, and M. L. Melton. 1960. The resistance of the encysted

form of Toxoplasma gondii. Journal of Parasitology 46:11-21.

Jankovic D, M.C. Kullberg, C.G. Feng, R.S. Goldszmid, C.M Collazo, M. Wilson,
T.A. Wynn, M. Kamanaka, R.A. Flavell and A. Sher . 2007. Conventional T-

176



bet(+)Foxp3(-) Thl cells are the major source of host-protective regulatory IL-10
during intracellular protozoan infection. Journal of Experimental Medicine 204(2):273-
83.

Jasanoff, A., G. Wagner, and D. C. Wiley. 1998. Structure of a trimeric domain of the
MHC class ll-associated chaperonin and targeting protein li. Embo Journal 17:6812-
6818.

Jeong S.Y, A. Kumagai, J. Lee and W.G Dunphy. 2003. Phosphorylated claspin
interacts with a phosphate-binding site in the kinase domain of Chkl during ATR-
mediated activation. The Journal of Biological Chemistry 278(47):46782-8

Jewett, T. J., and L. D. Sibley. 2003. Aldolase forms a bridge between cell surface
adhesins and the actin cytoskeleton in apicomplexan parasites. Molecular Cell 11:885-
894.

Jin, H. J., L. X. Xiang, and J. Z. Shao. 2007. Molecular cloning and identification of
macrophage migration inhibitory factor (MIF) in teleost fish. Developmental and

Comparative Immunology 31:1131-1144.

Joiner, K. A., and D. S. Roos. 2002. Secretory traffic in the eukaryotic parasite
Toxoplasma gondii: less is more. Journal of Cell Biology 157:557-563.

Jones, J. L., D. Kruszon-Moran, and M. Wilson. 2003. Toxoplasma gondii infection in
the United States, 1999-2000. Emerging Infectious Diseases 9:1371-1374.

Jung, H., H. A. Seong, and H. Ha. 2008. Direct Interaction between NM23-H1 and
Macrophage Migration Inhibitory Factor (MIF) Is Critical for Alleviation of MIF-
mediated Suppression of p53 Activity. Journal of Biological Chemistry 283:32669-
32679.

Juttner, S., J. Bernhagen, C. N. Metz, M. Rollinghoff, R. Bucala, and A. Gessner. 1998.

Migration inhibitory factor induces killing of Leishmania major by macrophages:

177



Dependence on reactive nitrogen intermediates and endogenous TNF-alpha. Journal of
Immunology 161:2383-2390.

Kafsack, B. F. C., J. D. O. Pena, I. Coppens, S. Ravindran, J. C. Boothroyd, and V. B.
Carruthers. 2009. Rapid Membrane Disruption by a Perforin-Like Protein Facilitates
Parasite Exit from Host Cells. Science 323:530-533.

Kamimura, A., M. Kamachi, J. Nishihira, S. Ogura, H. Isobe, H. Dosaka-Akita, A.
Ogata, M. Shindoh, T. Ohbuchi, and Y. Kawakami. 2000. Intracellular distribution of
macrophage migration inhibitory factor predicts the prognosis of patients with

adenocarcinoma of the lung. Cancer 89:334-341.

Kamir, D., S. Zierow, L. Leng, Y. Cho, Y. Diaz, J. Griffith, C. McDonald, M. Merk, R.
A. Mitchell, J. Trent, Y. B. Chen, Y. K. A. Kwong, H. B. Xiong, J. Vermeire, M.
Cappello, D. McMahon-Pratt, J. Walker, J. Bernhagen, E. Lolis, and R. Bucala. 2008.
A Leishmania ortholog of macrophage migration inhibitory factor modulates host

macrophage responses. Journal of Immunology 180:8250-8261.

Kang, H., J. S. Remington, and Y. Suzuki. 2000. Decreased resistance of B cell-
deficient mice to infection with Toxoplasma gondii despite unimpaired expression of
IFN-gamma, TNF-alpha, and inducible nitric oxide synthase. Journal of Immunology
164:2629-2634.

Kang, H. K., H. Y. Lee, Y. N. Lee, E. J. Jo, J. I. Kim, F. Aosai, A. Yano, J. Y. Kwak,
and Y. S. Bae. 2004. Toxoplasma gondii-derived heat shock protein 70 stimulates the
maturation of human monocyte-derived dendritic cells. Biochemical and Biophysical
Research Communications 322:899-904.

Kar, S., C. Metz, and D. McMahon-Pratt. 2005. CD4(+) T cells play a dominant role in
protection against new world leishmaniasis induced by vaccination with the p-4

amastigote antigen. Infection and Immunity 73:3823-3827.

Karsten, V., H. L. Qi, C. J. M. Beckers, A. Reddy, J. F. Dubremetz, P. Webster, and K.

A. Joiner. 1998. The protozoan parasite Toxoplasma gondii targets proteins to dense

178



granules and the vacuolar space using both conserved and unusual mechanisms.
Journal of Cell Biology 141:1323-1333.

Kasper, L. H., and D. Buzoni-Gatel. 1998. Some opportunistic parasitic infections in
AIDS: Candidiasis, pneumocystosis, cryptosporidiosis, toxoplasmosis. Parasitology
Today 14:150-156.

Keeley, A., and D. Soldati. 2004. The glideosome: a molecular machine powering
motility and host-cell invasion by apicomplexa. Trends in Cell Biology 14:528-532.

Kelly, C. D., C. M. Russo, B. Y. Rubin, and H. W. Murray. 1989. Antigen stimulated
human interferon gamma generation. Role of accessory cells and their expressed or

secreted products. Clinical and Experimental Immunology 77:397-402.

Kelly, M. N., J. K. Kolls, K. Happel, J. D. Schwartzman, P. Schwarzenberger, C.
Combe, M. Moretto, and I. A. Khan. 2005. Interleukin-17/interleukin-17 receptor-
mediated signaling is important for generation of an optimal polymorphonuclear

response against Toxoplasma gondii infection. Infection and Immunity 73:617-621.

Khan, A., S. Taylor, C. Su, A. J. Mackey, J. Boyle, R. Cole, D. Glover, K. Tang, I. T.
Paulsen, M. Berriman, J. C. Boothroyd, E. R. Pfefferkorn, J. P. Dubey, J. W. Ajioka, D.
S. Roos, J. C. Wootton, and L. D. Sibley. 2005. Composite genome map and
recombination parameters derived from three archetypal lineages of Toxoplasma
gondii. Nucleic Acids Research 33:2980-2992.

Khan, I. A., T. Matsuura, and L. H. Kasper. 1996. Activation-mediated CD4(+) T cell
unresponsiveness during acute Toxoplasma gondii infection in mice. International
Immunology 8:887-896.

Khan, I. A., P. M. Murphy, L. Casciotti, J. D. Schwartzman, J. Collins, J. L. Gao, and

G. R. Yeaman. 2001. Mice lacking the chemokine receptor CCR1 show increased

susceptibility to Toxoplasma gondii infection. Journal of Immunology 166:1930-1937.

179



Khan, I. A., J. D. Schwartzman, T. Matsuura, and L. H. Kasper. 1997. A dichotomous
role for nitric oxide during acute Toxoplasma gondii infection in mice. Proceedings of
the National Academy of Sciences of the United States of America 94:13955-13960.

Kim, J. Y., S. K. Kwok, K. H. Hur, H. J. Kim, N. S. Kim, S. A. Yoo, W. U. Kim, and
C. S. Cho. 2008. Up-regulated macrophage migration inhibitory factor protects
apoptosis of dermal fibroblasts in patients with systemic sclerosis. Clinical and
Experimental Immunology 152:328-335.

Kleemann, R., A. Hausser, G. Geiger, R. Mischke, A. Burger-Kentischer, O. Flieger, F.
J. Johannes, T. Roger, T. Calandra, A. Kapurniotu, M. Grell, D. Finkelmeier, H.
Brunner, and J. Bernhagen. 2000. Intracellular action of the cytokine MIF to modulate
AP-1 activity and the cell cycle through Jabl. Nature 408:211-216.

Kleemann, R., A. Kapurniotu, R. W. Frank, A. Gessner, R. Mischke, O. Flieger, S.
Juttner, H. Brunner, and J. Bernhagen. 1998. Disulfide analysis reveals a role for
macrophage migration inhibitory factor (MIF) as thiol-protein oxidoreductase. Journal
of Molecular Biology 280:85-102.

Kleemann, R., H. Rorsman, E. Rosengren, R. Mischke, N. T. Mai, and J. Bernhagen.
2000. Dissection of the enzymatic and immunologic functions of macrophage migration
inhibitory factor - Full immunologic activity of N-terminally truncated mutants.
European Journal of Biochemistry 267:7183-7192.

Koebernick, H., L. Grode, J. R. David, W. Rohde, M. S. Rolph, H. W. Mittrucker, and
S. H. E. Kaufmann. 2002. Macrophage migration inhibitory factor (MIF) plays a
pivotal role in immunity against Salmonella typhimuriumi. Proceedings of the National
Academy of Sciences of the United States of America 99:13681-13686.

Kohler, S., C. F. Delwiche, P. W. Denny, L. G. Tilney, P. Webster, R. J. M. Wilson, J.

D. Palmer, and D. S. Roos. 1997. A plastid of probable green algal origin in
apicomplexan parasites. Science 275:1485-1489.

180



Kotlyarov A, A. Neininger, C. Schubert, R. Eckert, C. Birchmeier, H.D. Volk, and M
Gaestel. 1999. MAPKAP kinase 2 is essential for LPS-induced TNF-alpha
biosynthesis. Nature Cell Biology 1(2):94-7.

Kravetz, J. D., and D. G. Federman. 2005. Toxoplasmosis in pregnancy. American
Journal of Medicine 118:212-216.

Kudrin, A., M. Scott, S. Martin, C.-W. Chung, R. Donn, A. McMaster, S. Ellison, D.
Ray, K. Ray, and M. Binks. 2006. Human macrophage migration inhibitory factor: a
proven immunomodulatory cytokine? The Journal of Biological Chemistry 281:29641-
29651.

Lacey, D., A. Sampey, R. Mitchell, R. Bucala, L. Santos, M. Leech, and E. Morand.
2003. Control of fibroblast-like synoviocyte proliferation by macrophage migration
inhibitory factor. Arthritis and Rheumatism 48:103-1009.

Lambert, H., N. Hitziger, 1. Dellacasa, M. Svensson, and A. Barragan. 2006. Induction
of dendritic cell migration upon Toxoplasma gondii infection potentiates parasite

dissemination. Cellular Microbiology 8:1611-1623.

Lavine, M.D., and G. Arrizabalaga. 2008. Exit from host cells by the pathogenic

parasite Toxoplasma gondii does not require motility. Eukaryotic Cell 7:131-140.

Lebrun, M., A. Michelin, H. El Hajj, J. Poncet, P. J. Bradley, H. Vial, and J. F.
Dubremetz. 2005. The rhoptry neck protein RON4 relocalizes at the moving junction

during Toxoplasma gondii invasion. Cellular Microbiology 7:1823-1833.

Lee, C.W., S. Bennouna, and E. Y. Denkers. 2006. Screening for Toxoplasma gondii-
regulated transcriptional responses in lipopolysaccharide-activated macrophages.
Infection and Immunity 74:1916-1923.

Lee E.J, Heo Y.M, Choi J.H, Song H.O, Ryu J.S and M.H Ahn. 2008. Suppressed
production of pro-inflammatory cytokines by LPS-activated macrophages after

treatment with Toxoplasma gondii lysate. Korean Journal of Parasitology 46(3):145-51.

181



Lee, Y.H., K.Y. Kim, M.S. Kang, and D.W. Shin. 1995. Detection of Toxoplasma
antigens and antibodies in mice infected with different strains of Toxoplasma gondii.
Korean Journal of Parasitology 33:201-210.

Leech, M., C. Metz, P. Hall, P. Hutchinson, K. Gianis, M. Smith, H. Weedon, S. R.
Holdsworth, R. Bucala, and E. F. Morand. 1999. Macrophage migration inhibitory
factor in rheumatoid arthritis - Evidence of proinflammatory function and regulation by
glucocorticoids. Arthritis and Rheumatism 42:1601-1608.

Lehmann, L. E., U. Novender, S. Schroeder, T. Pietsch, T. von Spiegel, C. Putensen, A.
Hoeft, and F. Stuber. 2001. Plasma levels of macrophage migration inhibitory factor are

elevated in patients with severe sepsis. Intensive Care Medicine 27:1412-1415.

Lekutis, C., D. J. P. Ferguson, M. E. Grigg, M. Camps, and J. C. Boothroyd. 2001.
Surface antigens of Toxoplasma gondii: variations on a theme. International Journal
for Parasitology 31:1285-1292.

Leng, L., C. N. Metz, Y. Fang, J. Xu, S. Donnelly, J. Baugh, T. Delohery, Y. B. Chen,
R. A. Mitchell, and R. Bucala. 2003. MIF signal transduction initiated by binding to
CD74. Journal of Experimental Medicine 197:1467-1476.

Levings, M. K., R. Sangregorio, C. Sartirana, A. L. Moschin, M. Battaglia, P. C. Orban,
and M. G. Roncarolo. 2002. Human CD25(+) CD4(+) T suppressor cell clones produce
transforming growth factor beta, but not interleukin 10, and are distinct from type 1 T

regulatory cells. Journal of Experimental Medicine 196:1335-1346.

Lieberman LA and Hunter CA. 2002. The role of cytokines and their signaling
pathways in the regulation of immunity to Toxoplasma gondii. International Reviews
of Immunology 21(4-5):373-403.

Lohrmann, A., P. A. Berg, S. Goethe, and G. Konig. 1979. Immunosuppressive factor
in sera and synovial fluids of patients with rheumatoid arthritus. Klinische
Wochenschrift 57:1225-1228.

182



Loke, P., A. S. MacDonald, and J. E. Allen. 2000. Antigen-presenting cells recruited by
Brugia malayi induce Th2 differentiation of naive CD4(+) T cells. European Journal of
Immunology 30:1127-1135.

Lolis, E., and R. Bucala. 1996. Crystal structure of macrophage migration inhibitory
factor (MIF), a glucocorticoid-induced regulator of cytokine production, reveals a
unique architecture. Proceedings of the Association of American Physicians 108:415-
419.

Lu, F. L., S. G. Huang, and L. H. Kasper. 2004. CD4(+) T cells in the pathogenesis of
murine ocular toxoplasmosis. Infection and Immunity 72:4966-4972.

Lubetsky, J. B., A. Dios, J. L. Han, B. Aljabari, B. Ruzsicska, R. Mitchell, E. Lolis, and
Y. Al-Abed. 2002. The tautomerase active site of macrophage migration inhibitory
factor is a potential target for discovery of novel anti-inflammatory agents. Journal of
Biological Chemistry 277:24976-24982.

Lubetsky, J. B., M. Swope, C. Dealwis, P. Blake, and E. Lolis. 1999. Pro-1 of
macrophage migration inhibitory factor functions as a catalytic base in the
phenylpyruvate tautomerase activity. Biochemistry 38:7346-7354.

Luft, B. J., and J. S. Remington. 1992. Toxoplasmic encephalitis in AIDS. Clinical
Infectious Diseases 15:211-222.

Lyons, R. E., J. P. Anthony, D. J. P. Ferguson, N. Byrne, J. Alexander, F. Roberts, and
C. W. Roberts. 2001. Immunological studies of chronic ocular toxoplasmosis: Up-
regulation of major histocompatibility complex class I and transforming growth factor
beta and a protective role for interleukin-6. Infection and Immunity 69:2589-2595.

Lyons RE, McLeod R, Roberts CW. 2002. Toxoplasma gondii tachyzoite-bradyzoite

interconversion. Trends in Parasitology 18:198-201

183



Martens, S., I. Parvanova, J. Zerrahn, G. Griffiths, G. Schell, G. Reichmann, and J. C.
Howard. 2005. Disruption of Toxoplasma gondii parasitophorous vacuoles by the

mouse p47-resistance GTPases. Plos Pathogens 1:187-201.

Martiney, J. A., B. Sherry, C. N. Metz, M. Espinoza, A. S. Ferrer, T. Calandra, H. E.
Broxmeyer, and R. Bucala. 2000. Macrophage migration inhibitory factor release by
macrophages after ingestion of Plasmodium chabaudiinfected erythrocytes: Possible
role in the pathogenesis of malarial anemia. Infection and Immunity 68:2259-2267.

Martinez, A., G. Orozco, J. Varade, M. S. Lopez, D. Pascual, A. Balsa, A. Garcia, E. G.
de la Concha, B. Fernandez-Gutierrez, J. Martin, and E. Urcelay. 2007. Macrophage
migration inhibitory factor gene: Influence on rheumatoid arthritis susceptibility.

Human Immunology 68:744-747.

McDevitt MA, J. Xie, G. Shanmugasundaram, J. Griffith, A. Liu, C. McDonald, P.
Thuma, V.R. Gordeuk, C.N. Metz, R. Mitchell, J. Keefer, J. David, L. Leng, and R.
Bucala. 2006. A critical role for the host mediator macrophage migration inhibitory
factor in the pathogenesis of malarial anemia. Journal of Experimental Medicine
203(5):1185-96.

Mead, P. S., L. Slutsker, V. Dietz, L. F. McCalig, J. S. Bresee, C. Shapiro, P. M. Griffin,
and R. V. Tauxe. 1999. Food-related illness and death in the United States. Emerging
Infectious Diseases 5:607-625.

Mehlhorn, H. and A.O. Heydorn. 2000. Neospora caninum: is it reall different from
Hammondia heydorni or is it a strain of Toxoplasma gondii? An opinion. Parasitology
Research 86(2): 169-178.

Meinhardt, A., M. Bacher, J. R. McFarlane, C. N. Metz, J. Seitz, M. P. Hedger, D. M.
DeKTretser, and R. Bucala. 1996. Macrophage migration inhibitory factor production by
Leydig cells: Evidence for a role in the regulation of testicular function. Endocrinology
137:5090-5095.

184



Mercier, C., J. F. Dubremetz, B. Rauscher, L. Lecordier, L. D. Sibley, and M. F.
Cesbron-Delauw. 2002. Biogenesis of nanotubular network in Toxoplasma
parasitophorous vacuole induced by parasite proteins. Molecular Biology of the Cell
13:2397-2409.

Merk, M., J. Baugh, S. Zierow, L. Leng, U. Pal, S. J. Lee, A. D. Ebert, Y. Mizue, J. O.
Trent, R. Mitchell, W. Nickel, P. B. Kavathas, J. Bernhagen, and R. Bucala. 2009. The
Golgi-Associated Protein pl115 Mediates the Secretion of Macrophage Migration
Inhibitory Factor. Journal of Immunology 182:6896-6906.

Meyer Siegler, K., and P. B. Hudson. 1996. Enhanced expression of macrophage
migration inhibitory factor in prostatic adenocarcinoma metastases. Urology 48:448-
452.

Mikulowska, A., C. N. Metz, R. Bucala, and R. Holmdahl. 1997. Macrophage
migration inhibitory factor is involved in the pathogenesis of collagen type Il-induced
arthritis in mice. Journal of Immunology 158:5514-5517.

Miller, C. M. D., C. Akratos, A. M. Johnson, and N. C. Smith. 2000. The production of
a 70 kDa heat shock protein by Toxoplasma gondii RH strain in immunocompromised

mice. International Journal for Parasitology 30:1467-1473.

Mischke, R., A. Gessner, A. Kapurniotu, S. Juttner, R. Kleemann, H. Brunner, and J.
Bernhagen. 1997. Structure activity studies of the cytokine macrophage migration
inhibitory factor (MIF) reveal a critical role for its carboxy terminus. Febs Letters
414:226-232.

Miska, K. B., R. H. Fetterer, H. S. Lillehoj, M. C. Jenkins, P. C. Allen, and S. B.
Harper. 2007. Characterisation of macrophage migration inhibitory factor from Eimeria

species infectious to chickens. Molecular and Biochemical Parasitology 151:173-183.

Mitchell, R. A. 2004. Mechanisms and effectors of MIF-dependent promotion of

tumourigenesis. Cellular Signalling 16:13-19.

185



Mitchell, R. A., and R. Bucala. 2000. Tumor growth-promoting properties of
macrophage migration inhibitory factor (MIF). Seminars in Cancer Biology 10:359-
366.

Mitchell, R. A., H. Liao, J. Chesney, G. Fingerle-Rowson, J. Baugh, J. David, and R.
Bucala. 2002. Macrophage migration inhibitory factor (MIF) sustains macrophage
proinflammatory function by inhibiting p53: Regulatory role in the innate immune
response. Proceedings of the National Academy of Sciences of the United States of
America 99:345-350.

Mitchell, R. A., C. N. Metz, T. Peng, and R. Bucala. 1999. Sustained mitogen-activated
protein kinase (MAPK) and cytoplasmic phospholipase A2 activation by macrophage
migration inhibitory factor (MIF) - Regulatory role in cell proliferation and

glucocorticoid action. Journal of Biological Chemistry 274:18100-18106.

Montoya, J. G., and O. Liesenfeld. 2004. Toxoplasmosis. Lancet 363:1965-1976.

Montoya, J. G., and J. S. Remington. 2008. Management of Toxoplasma gondii

infection during pregnancy. Clinical Infectious Diseases 47:554-566.

Moore, B. B., T. A. Moore, and G. B. Toews. 2001. Role of T- and B-lymphocytes in

pulmonary host defences. European Respiratory Journal 18:846-856.

Moore, K. W., A. Ogarra, R. D. Malefyt, P. Vieira, and T. R. Mosmann. 1993.
Interleukin-10. Annual Review of Immunology 11:165-190.

Morand, E. F., M. Leech, and B. Jurgen. 2006. MIF: a new cytokine link between

rheumatoid arthritis and atherosclerosis. Nature Reviews Drug Discovery 5:399-410.
Morand, E. F., M. Leech, H. Weedon, C. Metz, R. Bucala, and M. D. Smith. 2002.

Macrophage migration inhibitory factor in rheumatoid arthritis: clinical correlations.
Rheumatology 41:558-562.

186



Morris, D. D., N. Crowe, J. N. Moore, and L. L. Moldawer. 1992. Endotoxin induced
production of IL-6 by equine peritoneal macrophages in vitro. American Journal of
Veterinary Research 53:1298-1301.

Morrison, D. C., and J. L. Ryan. 1987. Endotoxins and disease mechnisms. Annual
Review of Medicine 38:417-432.

Mun, H. S., F. Aosai, K. Norose, M. Chen, L. X. Piao, O. Takeuchi, S. Akira, H.
Ishikura, and A. Yano. 2003. TLR2 as an essential molecule for protective immunity

against Toxoplasma gondii infection. International Immunology 15:1081-1087.

Murray, H. W., B. Y. Rubin, S. M. Carriero, A. M. Harris, and E. A. Jaffee. 1985.
Human mononuclear phagocyte antiprotozoal mechanisms. Oxygen dependent Vs
oxygen independent activity against intracellular Toxoplasma gondii. Journal of
Immunology 134:1982-1988.

Nagineni, C. N., B. Detrick, and J. J. Hooks. 2002. Transforming growth factor-beta
expression in human retinal pigment epithelial cells is enhanced by Toxoplasma gondii:
a possible role in the immunopathogenesis of retinochoroiditis. Clinical and
Experimental Immunology 128:372-378.

Nathan CF, HW. Murray, M.E. Wiebe and B.Y. Rubin. 1983. Identification of
interferon-gamma as the lymphokine that activates human macrophage oxidative
metabolism and antimicrobial activity. Journal of Experimental Medicine 158(3):670-
89.

Ngo, H. M., M. Yang, and K. A. Joiner. 2004. Are rhoptries in Apicomplexan parasites
secretory granules or secretory lysosomal granules? Molecular Microbiology 52:1531-
1541.

Nguyen, M. T., J. Beck, H. Q. Lue, H. Funfzig, R. Kleemann, P. Koolwijk, A.
Kapurniotu, and J. Bernhagen. 2003. A 16-residue peptide fragment of macrophage
migration inhibitory factor, MIF-(50-65), exhibits redox activity and has MIF-like
biological functions. Journal of Biological Chemistry 278:33654-33671.

187



Nicolle C. and L. Manceaux. 1908. Sur une infection a corps de Leishman (ou

organismes voisons) du gondi. C R Acad Sci 147: 736.

Nimri L, Pelloux H, Elkhatib L.2004. Detection of Toxoplasma gondii DNA and
specific antibodies in high-risk pregnant women. The American Journal of Tropical
Medicine and Hygiene 71:831-835

Nishihira, J., M. Fujinaga, T. Kuriyama, M. Suzuki, H. Sugimoto, A. Nakagawa, I.
Tanaka, and M. Sakai. 1998. Molecular cloning of human D-dopachrome tautomerase
cDNA: N-terminal proline is essential for enzyme activation. Biochemical and
Biophysical Research Communications 243:538-544.

Nishihira, J., T. Kuriyama, M. Sakai, S. Nishi, S. Y. Ohki, and K. Hikichi. 1995. The
structure and physicochemical properties of rat liver macrophage migration inhibtory
factor. Biochimica Et Biophysica Acta-Protein Structure and Molecular Enzymology
1247:159-162.

Nishino, T., J. Bernhagen, H. Shiiki, T. Calandra, K. Dohi, and R. Bucala. 1995.
Localisation of macrophage migration inhibitory factor (MIF) to secretory granules
within the corticotrophic and thyrotropic cells of the pituaitary gland. Molecular
Medicine 1:781-788.

Odh, G., A. Hindemith, A. M. Rosengren, E. Rosengren, and H. Rorsman. 1993.
Isolation of a new tautomerase monitored by the converion fof D-Dopachrome to 5,6-
dihydroxyindole. Biochemical and Biophysical Research Communications 197:619-
624.

O'Garra, A., and P. Vieira. 2007. TH 1 cells control themselves by producing

interleukin-10. Nature Reviews Immunology 7:425-428.

Ohkawara, T., H. Takeda, J. Nishihira, K. Miyashita, M. Nihiwaki, Y. Ishiguro, K.
Takeda, S. Akira, T. lwanaga, T. Sugiyama, and M. Asaka. 2005. Macrophage

migration inhibitory factor contributes to the development of acute dextran sulphate

188



sodium-induced colitis in Toll-like receptor 4 knockout mice. Clinical and

Experimental Immunology 141:412-421.

Onodera, S., K. Kaneda, Y. Mizue, Y. Koyama, M. Fujinaga, and J. Nishihira. 2000.
Macrophage migration inhibitory factor up-regulates expression of matrix
metalloproteinases in synovial fibroblasts of rheumatoid arthritis. Journal of Biological
Chemistry 275:444-450.

Onodera, S., J. Nishihira, Y. Koyama, T. Majima, Y. Aoki, H. Ichiyama, T. Ishibashi,
and A. Minami. 2004. Macrophage migration inhibitory factor up-regulates the
expression of interleukin-8 messenger RNA in synovial fibroblasts of rheumatoid
arthritis patients - Common transcriptional regulatory mechanism between interleukin-8
and interleukin-1 beta. Arthritis and Rheumatism 50:1437-1447.

Owhashi, M., H. Arita, and N. Hayai. 2000. Identification of a novel eosinophil
chemotactic cytokine (ECF-L) as a chitinase family protein. Journal of Biological
Chemistry 275:1279-1286.

Pakozdi, A., M. A. Amin, C. S. Haas, R. J. Martinez, G. K. Haines, L. L. Santos, E. F.
Morand, J. R. David, and A. E. Koch. 2006. Macrophage migration inhibitory factor: a
mediator of matrix metalloproteinase-2 production in rheumatoid arthritis. Arthritis

Research & Therapy 8.

Paralkar, V., and C. Wistow. 1994. Cloning the human gene for macrophage migration
inhibitory factor (MIF). Genomics 19:48-51.

Parker, S. J., C. W. Roberts, and J. Alexander. 1991. CD8+ T-cells are the major T-
lymphocyte subpopulation involved in the protective immune response to Toxoplasma

gondii in mice. Clinical and Experimental Immunology 84:207-212.

Pastrana, D. V., N. Raghavan, P. Fitzgerald, S. W. Eisinger, C. Metz, R. Bucala, R. P.
Schleimer, C. Bickel, and A. L. Scott. 1998. Filarial nematode parasites secrete a
homologue of the human cytokine macrophage migration inhibitory factor. Infection
and Immunity 66:5955-5963.

189



Pawelek, J. M. 1991. After dopachrome. Pigment Cell Research 4:53-62.

Pennock, J. L., J. Wipasa, M. P. Gordge, and D. J. Meyer. 1998. Interaction of
macrophage-migration-inhibitory factor with haematin. Biochemical Journal 331:905-
908.

Perkins, E. S. 1973. Ocular toxoplasmosis. British Journal of Ophthalmology 57:1-17.

Pfeffer, K., T. Matsuyama, T. M. Kundig, A. Wakeham, K. Kishihara, A. Shahinian, K.
Wiegmann, P. S. Ohashi, M. Kronke, and T. W. Mak. 1993. Mice deficient for the
55KDa Tumor necrosis factor receptor are resistant to endotoxic shock, yet succumb to

L. monocytogenes infection. Cell 73:457-467.

Pitchenik, A. E., M. A. Fischl, G. M. Dickinson, D. M. Becker, A. M. Fournier, M. T.
Oconnell, R. M. Colton, and T. J. Spira. 1983. Opportunistic infections and kaposis
sarcoma among haitians. Evidence of a new acquired immunodeficiency state. Annals
of Internal Medicine 98:277-284.

Plattner, F., F. Yarovinsky, S. Romero, D. Didry, M. F. Carlier, A. Sher, and D.
Soldati-Favre. 2008. Toxoplasma profilin is essential for host cell invasion and TLR11-

dependent induction of an interleukin-12 response. Cell Host & Microbe 3:77-87.

Prieto-Lafuente, L., W. F. Gregory, J. E. Allen, and R. M. Maizels. 2009. MIF
homologues from a filarial nematode parasite synergize with IL-4 to induce alternative

activation of host macrophages. Journal of Leukocyte Biology 85:844-854.

Reis E Sousa, C., S. Hieny, T. Scharton-Kersten, D. Jankovic, H. Charest, R. N.
Germain, and A. Sher. 1997. In vivo microbial stimulation induces rapid CD40 ligand-
independence production of interleukin 12 by dendritic cells and their redistribution to

T cell areas. Journal of Experimental Medicine 186:1819-1829.

190



Reiss, M., N. Viebig, S. Brecht, M. N. Fourmaux, M. Soete, M. Di Cristina, J. F.
Dubremetz, and D. Soldati. 2001. Identification and characterization of an escorter for

two secretory adhesins in Toxoplasma gondii. Journal of Cell Biology 152:563-578.

Remington JS. 1990. The tragedy of toxoplasmosis. The Pediatric infectious disease
journal 9(10):762-3.

Remington.J.S., JW. Mendenha, and J.I Krahenbu. 1972. Role for activated
macrophages in reistance to infection with Toxoplasma. Infection and Immunity 6:829-
&.

Renko, M., N. Quarto, T. Morimoto, and D. B. Rifkin. 1990. Nuclear and cytoplasmic
localisation of different basic fibroblast growth factor species. Journal of Cellular
Physiology 144:108-114.

Reyes, J. L., L. I. Terrazas, B. Espinoza, D. Cruz-Robles, V. Soto, I. Rivera-Montoya,
L. Gomez-Garcia, H. Snider, A. R. Satoskar, and M. Rodriguez-Sosa. 2006.
Macrophage migration inhibitory factor contributes to host defense against acute

Trypanosoma cruzi infection. Infection and Immunity 74:3170-3179.

Ricci, M., H. Pentimalli, R. Thaller, L. Rava, and V. Di Ciommo. 2003. Screening and
prevention of congenital toxoplasmosis: an effectiveness study in a population with a

high infection rate. The Journal of Maternal-Fetal and Neonatal Medicine 14:398-403.

Richardson, J. M., L. S. Morrison, N. D. Bland, S. Bruce, G. H. Coombs, J. C.
Mottram, and M. D. Walkinshaw. 2009. Structures of Leishmania major orthologues of
macrophage migration inhibitory factor. Biochemical and Biophysical Research
Communications 380:442-448.

Robibaro, B., T. T. Stedman, I. Coppens, H. M. Ngo, M. Pypaert, T. Bivona, H. W.

Nam, and K. A. Joiner. 2002. Toxoplasma gondii Rab5 enhances cholesterol
acquisition from host cells. Cellular Microbiology 4:139-152.

191



Rocklin, R. E. 1975. partial characterisation of leukocyte inhibitory factor by
concanavalin-A stimulated human lymphocytes (lifcona).Journal of Immunology
114:1161-1165.

Rodriguez-Sosa, M., L. E. Rosas, J. R. David, R. Bojalil, A. R. Satoskar, and L. I.
Terrazas. 2003. Macrophage migration inhibitory factor plays a critical role in
mediating protection against the helminth parasite Taenia crassiceps. Infection and
Immunity 71:1247-1254.

Roers, A., L. Siewe, E. Strittmatter, M. Deckert, D. Schluter, W. Stenzel, A. D. Gruber,
T. Krieg, K. Rajewsky, and W. Muller. 2004. T cell-specific inactivation of the
interleukin 10 gene in mice results in enhanced T cell responses but normal innate
responses to lipopolysaccharide or skin irritation. Journal of Experimental Medicine
200:1289-1297.

Roger, T., A. L. Chanson, M. Knaup-Reymond, and T. Calandra. 2005. Macrophage
migration inhibitory factor promotes innate immune responses by suppressing
glucocorticoid-induced expression of mitogen-activated protein kinase phosphatase-1.

European Journal of Immunology 35:3405-3413.

Roger, T., J. David, M. P. Glauser, and T. Calandra. 2001. MIF regulates innate

immune responses through modulation of Toll-like receptor 4. Nature 414:920-924.

Roger, T., C. Froidevaux, C. Martin, and T. Calandra. 2003. Macrophage migration
inhibitory factor (MIF) regulates host responses to endotoxin through modulation of
toll-like receptor 4 (TLR4). Journal of Endotoxin Research 9:119-123.

Roger, T., M. P. Glauser, and T. Calandra. 2001. Macrophage migration inhibitory
factor (MIF) modulates innate immune responses induced by endotoxin and Gram-

negative bacteria. Journal of Endotoxin Research 7:456-460.

Roos, D. S., R. G. K. Donald, N. S. Morrissette, and A. L. C. Moulton. 1994. Molecular
tools for genetic dissection of the protozoan parasite Toxoplasma gondii. Methods in
Cell Biology, Vol 45 45:27-63.

192



Rorman, E., C. S. Zamir, 1. Rilkis, and H. Ben-David. 2006. Congenital toxoplasmosis -

prenatal aspects of Toxoplasma gondii infection. Reproductive Toxicology 21:458-472.

Rosas, L. E., A. A. Satoskar, K. M. Roth, T. L. Keiser, J. Barbi, C. Hunter, F. J. de
Sauvage, and A. R. Satoskar. 2006. Interleukin-27R (WSX-1/T-cell cytokine receptor)
gene-deficient mice display enhanced resistance to Leishmania donovani infection but
develop severe liver immunopathology. American Journal of Pathology 168:158-1609.

Rosengren, E., P. Aman, S. Thelin, C. Hansson, S. Ahlfors, P. Bjork, L. Jacobsson, and
H. Rorsman. 1997. The macrophage migration inhibitory factor MIF is a
phenylpyruvate tautomerase. Febs Letters 417:85-88.

Rosengren, E., R. Bucala, P. Aman, L. Jacobsson, G. Odh, C. N. Metz, and H.
Rorsman. 1996. The immunoregulatory mediator macrophage migration inhibitory
factor (MIF) catalyzes a tautomerization reaction. Molecular Medicine 2:143-149.

Rossanese, O. W., J. Soderholm, B. J. Bevis, I. B. Sears, J. O'Connor, E. K.
Williamson, and B. S. Glick. 1999. Golgi structure correlates with transitional
endoplasmic reticulum organization in Pichia pastoris and Saccharomyces cerevisiae.
Journal of Cell Biology 145:69-81.

Rossi, A. G., C. Haslett, N. Hirani, A. P. Greening, I. Rahman, C. N. Metz, R. Bucala,
and S. C. Donnelly. 1998. Human circulating eosinophils secrete macrophage migration
inhibitory factor (MIF) - Potential role in asthma. Journal of Clinical Investigation
101:2869-2874.

Rothova, A., L. E. H. Bosch-Driessen, N. H. van Loon, and W. F. Treffers. 1998.
Azithromycin for ocular toxoplasmosis. British Journal of Ophthalmology 82:1306-
1308.

Rozenfeld, C., R. Martinez, R. T. Figueiredo, M. T. Bozza, F. R. S. Lima, A. L. Pires,
P. M. Silva, A. Bonomo, J. Lannes-Vieira, W. De Souza, and V. Moura-Neto. 2003.

Soluble factors released by Toxoplasma gondii-infected astrocytes down-modulate

193



nitric oxide production by gamma interferon-activated microglia and prevent neuronal

degeneration. Infection and Immunity 71:2047-2057.

Rubartelli, A., A. Bajetto, G. Allavena, E. Wollman, and R. Sitia. 1992. Secretion of
thioredoxin by normal and neoplastic cells through a leaderless secretory pathway.
Journal of Biological Chemistry 267:24161-24164.

Rubartelli, A., F. Cozzolino, M. Talio, and R. Sitia. 1990. A novel secretory pathway

for interleukin-1 beta, a protein lacking a signal sequence. Embo Journal 9:1503-1510.

Saeij, J. P. J., J. P. Boyle, and J. C. Boothroyd. 2005. Differences among the three
major strains of Toxoplasma gondii and their specific interactions with the infected
host. Trends in Parasitology 21:476-481.

Sampey, A. V., P. H. Hall, R. A. Mitchell, C. N. Metz, and E. F. Morand. 2001.
Regulation of synoviocyte phospholipase A(2) and cyclooxygenase 2 by macrophage
migration inhibitory factor. Arthritis and Rheumatism 44:1273-1280.

Santos, L. L., D. Lacey, Y. H. Yang, M. Leech, and E. F. Morand. 2004. Activation of
synovial cell p38 MAP kinase by macrophage migration inhibitory factor. Journal of
Rheumatology 31:1038-1043.

Sarih, M., V. Souvannavong, and A. Adam. 1993. Nitric oxide synthase induces
macrophage death by apoptosis. Biochemical and Biophysical Research
Communications 191:503-508.

Satoskar, A. R., M. Bozza, M. R. Sosa, G. S. Lin, and J. R. David. 2001. Migration-
inhibitory factor gene-deficient mice are susceptible to cutaneous Leishmania major
infection. Infection and Immunity 69:906-911.

Sayles, P. C., G. W. Gibson, and L. L. Johnson. 2000. B cells are essential for

vaccination-induced resistance to virulent Toxoplasma gondii. Infection and Immunity
68:1026-1033.

194



Scanga, C. A., J. Aliberti, D. Jankovic, F. Tilloy, S. Bennouna, E. Y. Denkers, R.
Medzhitov, and A. Sher. 2002. Cutting edge: MyD88 is required for resistance to
Toxoplasma gondii infection and regulates parasite-induced IL-12 production by
dendritic cells. Journal of Immunology 168:5997-6001.

Schaefer, T. M., J. V. Fahey, J. A. Wright, and C. R. Wira. 2005. Migration inhibitory
factor secretion by polarized uterine epithelial cells is enhanced in response to the
TLR3 agonist poly (I : C). American Journal of Reproductive Immunology 54:193-202.

SchartonKersten, T. M., T. A. Wynn, E. Y. Denkers, S. Bala, E. Grunvald, S. Hieny, R.
T. Gazzinelli, and A. Sher. 1996. In the absence of endogenous IFN-gamma, mice
develop unimpaired IL-12 responses to Toxoplasma gondii while failing to control

acute infection. Journal of Immunology 157:4045-4054.

Schluter, D., M. Deckert-Schluter, E. Lorenz, T. Meyer, M. Rollinghoff, and C.
Bogdan. 1999. Inhibition of inducible nitric oxide synthase exacerbates chronic cerebral
toxoplasmosis in Toxoplasma gondii-susceptible C57BL/6 mice but does not reactivate
the latent disease in T. gondii-resistant BALB/c mice. Journal of Immunology
162:3512-3518.

Schwartz, V., H. Lue, S. Kraemer, J. Korbiel, R. Krohn, K. Ohl, R. Bucala, C. Weber,
and J. Bernhagen. 2009. A functional heteromeric MIF receptor formed by CD74 and
CXCRA4. FEBS Lett 583:2749-2757.

Seguin, R., and L. H. Kasper. 1999. Sensitized lymphocytes and CD40 ligation
augment interleukin-12 production by human dendritic cells in response to Toxoplasma

gondii. Journal of Infectious Diseases 179:467-474.

Senter, P. D., Y. Al-Abed, C. N. Metz, F. Benigni, R. A. Mitchell, J. Chesney, J. L.
Han, C. G. Gartner, S. D. Nelson, and R. Bucala. 2001. Inhibition of macrophage
migration inhibitory factor (MIF) tautomerase and biological activity by the
acetaminophen metabolite, NAPQI. Journal of Leukocyte Biology:298.

195



Shao, D. D., Z. F. Han, Y. H. Lin, L. H. Zhang, X. Zhong, M. L. Feng, Y. Q. Guo, and
H. Wang. 2008. Detection of Plasmodium falciparum derived macrophage migration

inhibitory factor homologue in the sera of malaria patients. Acta Tropica 106:9-15.

Shepherd, E. G., Q. Zhao, S. E. Welty, T. N. Hansen, C. V. Smith, and Y. S. Liu. 2004.
The function of mitogen-activated protein kinase phosphatase-1 in peptidoglycan-

stimulated macrophages. Journal of Biological Chemistry 279:54023-54031.

Sher, A., I. P. Oswald, S. Hieny, and R. T. Gazzinelli. 1993. Toxoplasma gondii
induces a T independent IFN-gamma response in natural killer cells that requires both
adhertent accessory cells and tumor necrosis factor alpha. Journal of Immunology
150:3982-3989.

Shi, X. R,, L. Leng, T. Wang, W. K. Wang, X. Du, J. Li, C. McDonald, Z. Chen, J. W.
Murphy, E. Lolis, P. Noble, W. Knudson, and R. Bucala. 2006. CD44 is the signaling
component of the macrophage migration inhibitory factor-CD74 receptor complex.
Immunity 25:595-606.

Shimizu, T., R. Abe, H. Nakamura, A. Ohkawara, M. Suzuki, and J. Nishihira. 1999.
High expression of macrophage migration inhibitory factor in human melanoma cells
and its role in tumor cell growth and angiogenesis. Biochemical and Biophysical
Research Communications 264:751-758.

Shkolnik, T., E. Livni, R. Reshef, J. Lachter, and S. Eidelman. 1987. Comparison of 2
lymphokines (macrophage migration inhibitory factor, leukocyte adherence inhibition
factors) and carcinoembryonic antigen, in colorectal cancer and colonic premalignant
lesions. American Journal of Gastroenterology 82:1275-1278.

Sibley, L. D. 2004. Intracellular parasite invasion strategies. Science 304:248-253.

Sibley, L. D., and N. W. Andrews. 2000. Cell invasion by un-palatable parasites.
Traffic 1:100-106.

196



Siverajah, S., C. Ryce, D. A. Morrison, and J. T. Ellis. 2003. Characterization of an
alpha tubulin gene sequence from Neospora caninum and Hammondia heydorni, and

their comparison to homologous genes from Apicomplexa. Parasitology 126:561-5609.

Soete, M., B. Fortier, D. Camus, and J. F. Dubremetz. 1993. Toxoplasma gondii
kinetics of bradyzoite-tachyzoite interconversion in vitro. Experimental Parasitology
76:259-264.

Splendore A 1908. Un nuovo protozoa parassita deconigli incontrato nelle lesioni
anatomiche d'une malattia che ricorda in molti punti il Kala-azar dell'uoma. Nota

preliminare pel. Rev Soc Sci Sao Paulo 3: 109-112.

Stamps, S. L., M. C. Fitzgerald, and C. P. Whitman. 1998. Characterization of the role
of the amino-terminal proline in the enzymatic activity catalyzed by macrophage
migration inhibitory factor. Biochemistry 37:10195-10202.

Striepen, B., C. Y. X. He, M. Matrajt, D. Soldati, and D. S. Roos. 1998. Expression,
selection, and organellar targeting of the green fluorescent protein in Toxoplasma

gondii. Molecular and Biochemical Parasitology 92:325-338.

Striepen, B., D. Soldati, N. Garcia-Reguet, J. F. Dubremetz, and D. S. Roos. 2001.
Targeting of soluble proteins to the rhoptries and micronemes in Toxoplasma gondii.

Molecular and Biochemical Parasitology 113:45-53.

Stumhofer, J. S., A. Laurence, E. H. Wilson, E. Huang, C. M. Tato, L. M. Johnson, A.
V. Villarino, Q. L. Huang, A. Yoshimura, D. Sehy, C. J. M. Saris, J. J. O'Shea, L.
Hennighausen, M. Ernst, and C. A. Hunter. 2006. Interleukin 27 negatively regulates
the development of interleukin 17-producing T helper cells during chronic

inflammation of the central nervous system. Nature Immunology 7:937-945.
Su, C., D. Evans, R. H. Cole, J. C. Kissinger, J. W. Ajioka, and L. D. Sibley. 2003.

Recent expansion of Toxoplasma through enhanced oral transmission. Science 299:414-
416.

197



Subauste, C. S., and J. S. Remington. 1993. Immunity to Toxoplasma gondii. Current

Opinion in Immunology 5:532-537.

Subauste, C. S., and M. Wessendarp. 2000. Human dendritic cells discriminate between
viable and killed Toxoplasma gondii tachyzoites: Dendritic cell activation after
infection with viable parasites results in CD28 and CD40 ligand signaling that controls
IL-12-dependent and -independent T cell production of IFN-gamma. Journal of
Immunology 165:1498-1505.

Subramanya, H. S., D. I. Roper, Z. Dauter, E. J. Dodson, G. J. Davies, K. S. Wilson,
and D. B. Wigley. 1996. Enzymatic ketonization of 2-hydroxymuconate: Specificity
and mechanism investigated by the crystal structures of two isomerases. Biochemistry
35:792-802.

Sugimoto, H., M. Suzuki, A. Nakagawa, |. Tanaka, and J. Nishihira. 1996. Crystal
structure of macrophage migration inhibitory factor from human lymphocyte at 2.1
angstrom resolution. Febs Letters 389:145-148.

Sun, H. W., J. Bernhagen, R. Bucala, and E. Lolis. 1996. Crystal structure at 2.6-
angstrom resolution of human macrophage migration inhibitory factor. Proceedings of
the National Academy of Sciences of the United States of America 93:5191-5196.

SussToby, E., J. Zimmerberg, and G. E. Ward. 1996. Toxoplasma invasion: The
parasitophorous vacuole is formed from host cell plasma membrane and pinches off via
a fission pore. Proceedings of the National Academy of Sciences of the United States of
America 93:8413-8418.

Suzuki, M., H. Sugimoto, A. Nakagawa, |. Tanaka, J. Nishihira, and M. Sakai. 1996.
Crystal structure of the macrophage migration inhibitory factor from rat liver. Nature

Structural Biology 3:259-266.

Suzuki, M., Y. Takamura, M. Maeno, S. Tochinai, D. lyaguchi, I. Tanaka, J. Nishihira,

and T. Ishibashi. 2004. Xenopus laevis macrophage migration inhibitory factor is

198



essential for axis formation and neural development. Journal of Biological Chemistry
279:21406-21414.

Suzuki, Y., F. K. Conley, and J. S. Remington. 1989. Importance of endogenous IFN
gamma for prevention of toxoplasmic encephalitis in mice. Journal of Immunology
143:2045-2050.

Suzuki, Y., M. A. Orellana, R. D. Schreiber, and J. S. Remington. 1988. Interferon
gamma - the major mediator of resistance against Toxoplasma gondii. Science 240:516-
518.

Swantek, J. L., M. H. Cobb, and T. D. Geppert. 1997. Jun N-terminal kinase stress-
activated protein kinase (JNK/SAPK) is required for lipopolysaccharide stimulation of
tumor necrosis factor alpha (TNF-alpha) translation: Glucocorticoids inhibit TNF-alpha
translation by blocking INK/SAPK. Molecular and Cellular Biology 17:6274-6282.

Switaj, K., A. Master, P. K. Borkowski, M. Skrzypczak, J. Wojciechowicz, and P.
Zaborowski. 2006. Association of ocular toxoplasmosis with type | Toxoplasma gondii
strains: Direct genotyping from peripheral blood samples. Journal of Clinical
Microbiology 44:4262-4264.

Swope, M., H. W. Sun, P. R. Blake, and E. Lolis. 1998. Direct link between cytokine
activity and a catalytic site for macrophage migration inhibitory factor. Embo Journal
17:3534-3541.

Swope, M. D., and E. Lolis. 1999. Macrophage migration inhibitory factor: Cytokine,
hormone, or enzyme? Reviews of Physiology Biochemistry and Pharmacology, Vol 139
139:1-32.

Taher, T. E. I., L. Smit, A. W. Griffioen, E. J. M. SchilderTol, J. Borst, and S. T. Pals.

1996. Signaling through CD44 is mediated by tyrosine kinases - Association with
p56(Ick) in T lymphocytes. Journal of Biological Chemistry 271:2863-2867.

199



Takahashi, A., K. lwabuchi, M. Suzuki, K. Ogasawara, J. Nishihira, and K. Onoe.
1999. Antisense macrophage migration inhibitory factor (MIF) prevents anti-lgM
mediated growth arrest and apoptosis of a murine B cell line by regulating cell cycle
progression. Microbiology and Immunology 43:61-67.

Tan, T. H. P., S. A. V. Edgerton, R. Kumari, M. S. B. McAlister, S. M. Rowe, S. Nagl,
L. H. Pearl, M. E. Selkirk, A. E. Blanco, N. F. Totty, C. Engwerda, C. A. Gray, and D.
J. Meyer. 2001. Macrophage migration inhibitory factor of the parasitic nematode

Trichinella spiralis. Biochemical Journal 357:373-383.

Taylor, A. B., W. H. Johnson, R. M. Czerwinski, H. S. Li, M. L. Hackert, and C. P.
Whitman. 1999. Crystal structure of macrophage migration inhibitory factor-complexed
with (E)-2-fluoro-p-bydroxycinnamate at 1.8 angstrom resolution: Implications for

enzymatic catalysis and inhibition. Biochemistry 38:7444-7452.

Taylor, G. A, C. M. Collazo, G. S. Yap, K. Nguyen, T. A. Gregorio, L. S. Taylor, B.
Eagleson, L. Secrest, E. A. Southon, S. W. Reid, L. Tessarollo, M. Bray, D. W.
McVicar, K. L. Komschlies, H. A. Young, C. A. Biron, A. Sher, and G. F. Vande
Woude. 2000. Pathogen-specific loss of host resistance in mice lacking the IFN-
gamma-inducible gene IGTP. Proceedings of the National Academy of Sciences of the
United States of America 97:751-755.

Tenter, A. M., A. R. Heckeroth, and L. M. Weiss. 2000. Toxoplasma gondii: from
animals to humans. International Journal for Parasitology 30:1217-1258.

Thiele, M., and J. Bernhagen. 2005. Link between macrophage migration inhibitory
factor and cellular redox regulation. Antioxidants & Redox Signaling 7:1234-1248.

Tohyama, S., S. Onodera, H. Tohyama, K. Yasuda, J. Nishihira, Y. Mizue, A.
Hamasaka, R. Abe, and Y. Koyama. 2008. A novel DNA vaccine-targeting macrophage
migration inhibitory factor improves the survival of mice with sepsis. Gene Therapy
15:1513-1522.

200



Trinchieri, G., S. Pflanz, and R. A. Kastelein. 2003. The IL-12 family of heterodimeric

cytokines: New players in the regulation of T cell responses. Immunity 19:641-644.

Vallochi, A. L., M. V. Nakamura, D. Schlesinger, M. C. Martins, C. Silveira, R.
Belfort, and L. V. Rizzo. 2002. Ocular toxoplasmosis: More than just what meets the

eye. Scandinavian Journal of Immunology 55:324-328.

Villarino, A., L. Hibbert, L. Lieberman, E. Wilson, T. Mak, H. Yoshida, R. A.
Kastelein, C. Saris, and C. A. Hunter. 2003. The IL-27R (WSX-1) is required to
suppress T cell hyperactivity during infection. Immunity 19:645-655.

Villarino, A. V., J. S. Stumhofer, C. J. M. Saris, R. A. Kastelein, F. J. de Sauvage, and
C. A. Hunter. 2006. IL-27 limits IL-2 production during Th1 differentiation. Journal of
Immunology 176:237-247.

Waeber, G., T. Calandra, R. Roduit, J. A. Haefliger, C. Bonny, N. Thompson, B.
Thorens, E. Temler, A. Meinhardt, M. Bacher, C. N. Metz, P. Nicod, and R. Bucala.
1997. Insulin secretion is regulated by the glucose-dependent production of islet beta
cell macrophage migration inhibitory factor. Proceedings of the National Academy of
Sciences of the United States of America 94:4782-4787.

Waller, R. F., P. J. Keeling, R. G. K. Donald, B. Striepen, E. Handman, N. Lang-
Unnasch, A. F. Cowman, G. S. Besra, D. S. Roos, and G. I. McFadden. 1998. Nuclear-
encoded proteins target to the plastid in Toxoplasma gondii and Plasmodium
falciparum. Proceedings of the National Academy of Sciences of the United States of
America 95:12352-12357.

Wang, S. J., K. Peyrollier, and L. Y. Bourguignon. 2007. The influence of hyaluronan-
CD44 interaction on topoisomerase Il activity and etoposide cytotoxicity in head and

neck cancer. Archives of Otolaryngology-Head & Neck Surgery 133:281-288.

Weinman, D., and A. H. Chandler. 1954. Toxoplasmosis in swine and rodents.
Reciprocal oral infection and potential human hazard. Proceedings of the Society for

Experimental Biology and Medicine 87:211-216.

201



Weiser, W. Y., L. A. M. Pozzi, and J. R. David. 1991. Human recombinant migration
inhibitory factor activates human macrophages to kill Leishmania donovani. Journal of
Immunology 147:2006-2011.

Weiser, W. Y., P. A. Temple, J. S. Witekgiannotti, H. G. Remold, S. C. Clark, and J. R.
David. 1989. Molecular coding of a cDNA encoding a human macrophage migration
inhibitory factor. Proceedings of the National Academy of Sciences of the United States
of America 86:7522-7526.

Wiesner J, A. Reichenberg, S. Heinrich, M. Schlitzer, and H. Jomaa. 2008. The plastid-
like organelle of apicomplexan parasites as drug target. Current Pharmaceutical design
14:855-871

Weiss, L. M., Y. F. Ma, P. M. Takvorian, H. B. Tanowitz, and M. Wittner. 1998.
Bradyzoite development in Toxoplasma gondii and the hsp70 stress response. Infection
and Immunity 66:3295-3302.

Wijdicks, E. F. M., J. C. C. Borleffs, A. I. M. Hoepelman, and G. H. Jansen. 1991.
Fatal disseminated hemorrhagic toxoplasmic encephalitis as the initial manifestation of
AIDS. Annals of Neurology 29:683-686.

Wilson, E. H., U. Wille-Reece, F. Dzersznski, and C. A. Hunter. 2005. A critical role
for IL-10 in limiting inflammation during toxoplasmic encephalitis. Journal of

Neuroimmunology 165:63-74.

Wolf A, D. Cowen, and B. Paige. 1939. Human toxoplasmosis: occurrence in infants
as an encephalomyelitis verification by transmission to animals. Science 89(2306):226-
2217.

Wu, W., T. Pew, M. Zou, D. Pang, and S. D. Conzen. 2005. Glucocorticoid receptor-
induced MAPK phosphatase-1 (MPK-1) expression inhibits paclitaxel-associated
MAPK activation and contributes to breast cancer cell survival. Journal of Biological
Chemistry 280:4117-4124.

202



Wu, Y. Y., and R. A. Bradshaw. 1996. Synergistic induction of neurite outgrowth by
nerve growth factor or epidermal growth factor and interleukin-6 in PC12 cells. Journal
of Biological Chemistry 271:13033-13039.

Xu, D. M., S. J. McSorley, L. Tetley, S. Chatfield, G. Dougan, W. L. Chan, A.
Satoskar, J. R. David, and F. Y. Liew. 1998. Protective effect on Leishmania major
infection of migration inhibitory factor, TNF-alpha, and IFN-gamma administered

orally via attenuated Salmonella typhimurium. Journal of Immunology 160:1285-1289.

Yang, T. H., F. Aosai, K. Norose, H. S. Mun, and A. Yano. 1997. Heat shock cognate
protein 71-associated peptides function as an epitope for Toxoplasma gondii-specific
CDA4(+) CTL. Microbiology and Immunology 41:553-561.

Yang, Y. B., P. Degranpre, A. Kharfi, and A. Akoum. 2000. Identification of
macrophage migration inhibitory factor as a potent endothelial cell growth-promoting
agent released by ectopic human endometrial cells. Journal of Clinical Endocrinology
and Metabolism 85:4721-4727.

Yap, G., M. Pesin, and A. Sher. 2000. Cutting edge: IL-12 is required for the
maintenance of IFN-gamma production in T cells mediating chronic resistance to the

intracellular pathogen, Toxoplasma gondii. Journal of Immunology 165:628-631.

Yap, G. S., Y. Ling, and Y. L. Zhao. 2007. Autophagic elimination of intracellular
parasites - Convergent induction by IFN-gamma and CD40 ligation? Autophagy 3:163-
165.

Yarovinsky, F., D. K. Zhang, J. F. Andersen, G. L. Bannenberg, C. N. Serhan, M. S.
Hayden, S. Hieny, F. S. Sutterwala, R. A. Flavell, S. Ghosh, and A. Sher. 2005. TLR11
activation of dendritic cells by a protozoan profilin-like protein. Science 308:1626-
16209.

Zang, X. X., P. Taylor, J. M. Wang, D. J. Meyer, A. L. Scott, M. D. Walkinshaw, and

R. M. Maizels. 2002. Homologues of human macrophage migration inhibitory factor

203



from a parasitic nematode - Gene cloning, protein activity, and crystal structure.
Journal of Biological Chemistry 277:44261-44267.

Zhang, X. N., and R. Bucala. 1999. Inhibition of macrophage migration inhibitory
factor (MIF) tautomerase activity by dopachrome analogs. Bioorganic & Medicinal
Chemistry Letters 9:3193-3198.

Zhang, Z., M. J. Fasco, Z. Huang, F. P. Guengerich, and L. S. Kaminsky. 1995. Human
cytochromes P4501A1 and P4501A2: R-warfarin metabolism as a probe. Drug
Metabolism and Disposition 23:1339-1345.

Zhao, Y. O., A. Khaminets, J. P. Hunn, and J. C. Howard. 2009. Disruption of the

Toxoplasma gondii Parasitophorous Vacuole by IFN gamma-Inducible Immunity-
Related GTPases (IRG Proteins) Triggers Necrotic Cell Death. Plos Pathogens 5.

204



Appendices

205



Gene Forward Primer Reverse Primer Product Annealing
Sequence Sequence Size (nt) | Temperature
(°c)
TgMIF GGG GCA TAT GCC GGG GCT CGA GGC 361 64
CAA GTG CAT GAT CGA AAGTTC GGT
CTTTTGCC CGCCCATGGC
TgMIF TCT TGA AGG ACG AACTGG TGATGC 164 64
(Internal) CCG AAA AAG CTC CAATGG
TBP AAC AGC AGC AGC TGA TAG GGG TCA 192 64
AAC AAC AGC AGG TAG GAGTCATTG G
CD74 GCT TCC GAA ATC AAG AGC CACTGC 279 64
TGC CAAACC TTCATCCAGC
CD44 CCT GGA ATA AAA TAG TCG CCT CTG 188 64
ACC ACA GCC AAC GAA AAG GGT C
TLR-4 AGC AAA GTC CCT CCACAGCCACCA 268 64
GAT G GAT TCT CTA AAC
ACATTCC
pet2la TAATAC GAC TCA GCT AGT TAT TGC - -
Sequencing CTA TCA
Primers TAGGG GCGG
Appendix A

Table A: Oligonucleotide primers were designed using MacVector 7.0 (Oxford Biomolecular, UK) and

synthesised by Invitrogen (Paisley, UK).
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Ava1(1)

TgMIF

Ncol(332)
Apall(4843) Ndel (356)
Ampicillin
~ Apall(1162)
Pst1(4421)
pET21a + TgMIF
5718 bp
__lacl
Origin "
A
ApaLl(3597)
/
ApaLl(3097)

Appendix B

Figure B: Vector map of pET21a containing TgMIF between restriction enzyme sites Xhol and Ndel.
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Appendix C

Figure C1: Alignment of human (CAA55394) and murine p115 (AAH16069) with G. lamblia (ED080210)
pl15 in which 10.8% identity is conserved. Identical amino acids are highlighted in yellow blocks,
conservative residues are highlighted in aqua blocks, blocks of similar amino acids are highlighted in
green blocks, non-identical amino acids are highlighted in white blocks.
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Appendix C

Figure C2: Alignment of human (CAA55394) and murine pl115 (AAH16069) with B. malayi
(XP_001902351) p115 in which 32.1% identity is conserved. ldentical amino acids are highlighted in
yellow blocks, conservative residues are highlighted in aqua blocks, blocks of similar amino acids are
highlighted in green blocks, non-identical amino acids are highlighted in white blocks.

213



Hspll5
Mmpll5
S.mansoni
Consensus

Hspll5
Mmpll5
S.mansoni
Consensus

Hspll5
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspll5
Mmpl1l5
S.mansoni
Consensus

Hspll5
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

pll5

pll5

pll5

pll5

plls

plls

pll5

pll5

pll5

pll5

1 50
(1) MNBERGVHGCOSAGEOTEAETTgK L EDRYASSTEED DRRNAVRALKELS
(1) MNFERGVMGGOSAGBORTE AETTOK L EDRVAS STEEDDRRNAVRALKELS
(1)
(1)

MEIFRKYBGGSHESDEVVGAPIMDKLVDRYQSSTREDDERDABRALKELS
MNFLRGVMGGQSAGPQHTEAETIQKLCDRVASSTLLDDRRNAVRALKSLS

51 100
1) KKYRLEVGIQAMEHETHVLOTDRSDSETIBYALDI LYNITSNEEEEEVEE
1) KKYRLEVGIQAMEHETHVLOTDRSDSETIAYALDTLYNITSNBEEEEREE
1)
1)

KKYRLEVGTQAMIIFSSVLKTDWEDSBCHMCYALEGLY SEMNDEAGEQVEP
KKYRLEVGIQAMEHLIHVLQTDRSDSEIIAYALD LYNIISNEEEEEVEE

101 150
(101) NSTROS-ED1.GS0F TE ERIXO0ENVIEL LS 1L EEFDEHYRWEGVEL L TSL
(101) NSTROS-EDLGSQFTEIFIKQPENVILLLSLLEEFDFHVRWPGVRLLTSL
(101) HELINIPTDLGVQFTEMEMKNTENYQBLLSLLBAPESFERRNAMRLLTVL
(101) NSTRQS EDLGSQFTEIFIKQ ENVTLLLSLLEEFDFHVRWPGVRLLTSL

151 200
EROGEOVOOTTLVSBHCY SRLYDELADSREVIRNDEVL L LOALTRENGA
LKOLGE PVOOTT LVSBHCYSRLYDLLADSREFIRNDGVL 1 LOALTRSNGA
SINRLKDTONAMLOCRTGVSKLMDELEDEHEVERNDVELLLTEL TRANEN
LKQLGP VQQIILVSPMGVSRLMDLLADSREVIRNDGVLLLQALTRSNGA

150
150
151

(
(
(
(151

—_ — — —

201 250
IQKIVAFENAFERLLDI IBEEGNSDGEIVVEDCLILLONLLENNNSNONE
IQKIVAFENAFERLLDI IEEEGNSDGEIVVEDCLILLONLLKTNNSNONE
IQKIVAFENAFBWLLKIIYSEGLCDGSHMVVEDCLRLLLELLDGNPSNQVL
IQKIVAFENAFERLLDIISEEGNSDGGIVVEDCLILLQNLLK NNSNQNF

200
200
201

(
(
(
(201

—_ — — —

251 300
FRECSY 1 ORMKEWF EVEDENS - - - -GS AQKVENEHIMEOLVRYLVEPEN
FREGSY T ORMKPWF EVGEENS - - - -GS AQKVINLHEMLOLVRVLVS PN
FVEGNBIQRESLLFBEYSTDSTQPOLWSAQKVVNAEfANMOMVOTLVEPCN
FKEGSYIQRMKPWFEVGDENS GWSAQKVTNLHLMLQLVRVLVSPTN

250
250
251
251

—~ e~~~
—_ — — —

301 350
(296) PPGATSSCOKAMFOCGLLOQLCTIEMATGVPADILTET INTVSEVIRGCO
(296) PPGATSSCOKAMFOCGLLOQLCTIEMATGEPADILTET INTVSEVIRGCO
(301)
(301)

301) KAQLTRNCONVESDCGLLEKLCNIMMVEGYPADMLTKEI YABEBS IRGCP
301) PPGATSSCQKAMFQCGLLQQLCTILMATGVPADILTETINTVSEVIRGCQ

351 400
346) UNOBYEASYNAPSNPPREATVYLLMSHUNEROPEVIREAVLY CFOCELYK
346) UNODYFASVNAPSNPPRPATVVLLMSMYNEROPEVERCAVLY CFQCELYK
351) RNQEYLANBVTPSEPPOSANMNVLLESMENKHQSVVEIRVAALYCFQCHILAS
351) VNOQDYFASVNAPSNPPRPAIVVLLMSMVNERQPFVLRCAVLYCFQCFLYK

—~ o~~~

401 450
NQKGQGE I VETLLPSTIDATGNSVSAGQLLCGGLFSEDSESNWCARVALE
NEKGQGE I VETLLPSTIDATGNSVSAGQLLCGGLFSEDSESNWCARVALE
NHOBONATVMTLLPKPNDVPQLGVSAGQLLCGGLESEDS-SAWFEEVALL
N KGQGEIVATLLPSTIDATGNSVSAGQLLCGGLFSTDSLSNWCAAVALA

396
396
401
401

,\,\,\,\
—_ — — —

451 500
HATOENATOKEQLLRVOLATSIGNPPVSLEQOCTNILS OGSKIOTRVGLL
HATQGNATOKEQLLRVOLATSIGNPPVSLEQOCTNILSOGSKIOTRVGLL
HCEHBNVQLKEELLRVHLEPKEGAPPVLFHQCFMWQOQOCNHFQTREGLL
HALQDNATQKEQLLRVQLATSIGNPPVSLLOQCTNILSQGSKIQTRVGLL

446
446
450

(
(
(
(451

—_ — — —

214



Hspll5
Mmpll5
S.mansoni
Consensus

Hspll5
Mmpll5
S.mansoni
Consensus

Hspll5
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspll5
Mmpl1l5
S.mansoni
Consensus

Hspll5
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

Hspllb
Mmpll5
S.mansoni
Consensus

pll5

pll5

pll5

pll5

plls

plls

pll5

pll5

pll5

pll5

501 550

(496) MLLCTWESNCPEAVTHF LHNSANVE--------------- FLTGQIRENL
(496) MLLCTWESNCPIAVEHF LHNSANVE- - - - ------——---

(
(

)
500) QLLCTWFENCSEAVRCFLNPSESTGNDRTESVNRSSYLWTLEAEACAVDN
501) MLLCTWLSNCPIAVTHFLHNSANVP FLTGQIAENL
551 600

(531) GEEEQLVOGLCALLLGISIYENDNSLESYMKEKLKQLIEKRIGKENFIEK
(531) GEEEQLVQGLCALLLGISIYENDNSLENY TKEKLKQLIEKRIGKENFIEK
(550) DENEALVHGLT TLLJCICEMENPGNENGEEKSTLYNABEKRIGIBMIBER
(551) GEEEQLVQGLCALLLGISIYFNDNSLE Y KEKLKQLIEKRIGKENFIEK

601 650
(581) LGET SKHELYSRASOK POPNEBSBEYM! r DHEF TKLVKELEGVITKATYK
(581) LGEI SKHELYSRASQK POPNEBSPEYM! ¥ DHEF TKLVKELEGVITKALIYK
(600) LSQISKAESHITABKKPOISVQSTHDBIFDYTFTRLFKRLEYE@MHTFQS
(601) LGFISKHELYSRASQKPQPNFPSPEYMIFDHEFTKLVKELEGVITKAIYK

651 700
SSEEDKKEEEVKKTLEQHDN - - [VTHYKNMIREQDLQLEELROOVSTLK
SSEEDKKEEEVKKTLEQHDN - -~ IVTHYKNMIREQDLQLEELKOOVSTLK
DSSINGVRSCTSFGNNHONSKPVDPTITTLSQOKYDEKLARQENEFAMLE
SSEEDKKEEEVKKTLEQHDN ~ IVTHYKNMIREQDLQLEELKQQVSTLK

631
631
650

(
(
(
(651

—_ — — —

701 750
CONEQLOTAVTOOVS0TOOHKDOYNLLKEOLCKDNOHOGSFSEGAOMNGT
CONEQLOTAVTOOAS0 TOQHKDOYNLLKYVOLGKDNZHOGSHCDGAOVNGT
NRISVLEBEENTCRSTINGNTPTDTKRNNMENEGELOKLEIEDN I TEONE
CONEQLQTAVTQQ SQIQQHKDQYNLLKIQLGKDN HQGSHSDGAQINGI

(678
(678
(700
(701

—_ — — —

751 800
OPEEIGRIR: EIEELKRNOB! 10500 ERDSHIENHK SS0TSCTNEQSSH
OPEETSRLREEIEELKSPOA 1 10GOLAEKDSEIENEK SS0ASGHSEQRSA
EQKC SMLEIERDNLRGEHEILLLLLNDQDVK.KLCKLVRELGGHI PNDI
QPEEI RLREEIEELK NQDLLQ QL EKDSIIENLKSSQ SG EQASA

728
728
750
751

—_ — — —

(
(
(
(

801 850

T}j5ARDSEQVABIROELA BEKSOLNS 0sWETTRLOTER OBL L ORTEAFAR

778
778
800
801

TCPPROPEQVAELKOELT ~ LKSOLCSQSHEL TRLOTENCELLORAET LAK
GEGNVIDSQVTBNHHNQLEEENTN@SLSTFRTIPSTLPLBPTLOCPANESF
L RD EQVAELKQEL SLKSQLNSQSLEITKLQTE ELLQK E FAK

—_ — — —

(
(
(
(

851 900
SVEVOGETETIIATKI TDVEGRLSALLQETKELKNEIKALSEERTATKEQ
SVPVEGESERYSA:KI TDVEGRLSALLQETKELKNEIKAL SEERTAIQKO
ETSELTLSSNSISTSTPSSYCVYNNNNNBNNNNNNNNNLLHTSPPPELSH
SV V GESE IIATKTTDVEGRLSALLQETKELKNEIKALSEERTAI Q

828
828
850
851

—_ — — —

(
(
(
(

901 950
LDSSNSTI ATLQ!EKDKLELEETDSKKEQDDLLVLLADODOK | LSLKNKL
LDSSNST I ATLQ!EKDKLDLEVTDSKKEQDDLLVLLADODOK | LSLKSKL
TNSEONVIMSTTTPTTNQYYYPQGYFNAVTONYPCSQSSNSVIFYSTNNY
LDSSNSTIAILQTEKDKLDLEITDSKKEQDDLLVLLADQDQKILSLKNKL
951 985

KDLGHPVEEEDELESGDOEDEDDESEDPGKDLDH I
KDLGHPVEEED- - ESGDOEDDDDE BDGDKDOD -
PIESSNSFNNDHENSYTNTTIFQ--—---—-—-—-

KDLGHPVEEED LESGDQEDDDDE DD KD D

878
878
900
901

—~ o~ o~ —~
—_ — — —

928
928
950

(
(
(
(951

~ o~ ~—

215



Appendix C

Figure C3: Alignment of human (CAA55394) and murine pll5 (AAH16069) with S. mansoni
(XP_002579664) p115 in which 32.4% identity is conserved. ldentical amino acids are highlighted in
yellow blocks, conservative residues are highlighted in aqua blocks, blocks of similar amino acids are
highlighted in green blocks, non-identical amino acids are highlighted in white blocks.
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Appendix C

Figure C4: Alignment of human (CAA55394) and murine p11l5 (AAH16069) with S. cerevisiae
(CAA98621) p115 in which 10.8% identity is conserved. Identical amino acids are highlighted in yellow
blocks, conservative residues are highlighted in aqua blocks, blocks of similar amino acids are
highlighted in green blocks, non-identical amino acids are highlighted in white blocks.
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Appendix D

Figure D1: A portion of TBP was amplified by conventional PCR and used to make a standard curve
with standards ranging from 3x10° to 3x10" copies. Standards were tested resulting in the generation of
an amplification curve (Figure D1(A)) which indicates the order in which DNA is amplified to a
detectable level. A melting curve is also generated which represents the dissociation characteristics of
dsDNA during the process of denaturation (Figure D1(B)) whereby the presence of one peak represents

the amplification of a single, specific PCR product. Figure D1(C) shows a TBP standard curve in which
R*=0.998.
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Appendix D

Figure D2: A portion of TLR-4 was amplified by conventional PCR and used to make a standard curve
with standards ranging from 3x10° to 3x10" copies. Standards were tested resulting in the generation of
an amplification curve (Figure D2(A)) which indicates the order in which DNA is amplified to a
detectable level. A melting curve is also generated which represents the dissociation characteristics of
dsDNA during the process of denaturation (Figure D2(B)) whereby the presence of one peak represents
the amplification of a single, specific PCR product. Figure D2(C) shows a TLR-4 standard curve in
which R? = 0.993.
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Appendix D

Figure D3: A portion of CD74 was amplified by conventional PCR and used to make a standard curve
with standards ranging from 3x10° to 3x10" copies. Standards were tested resulting in the generation of
an amplification curve (Figure D3(A)) which indicates the order in which DNA is amplified to a
detectable level. A melting curve is also generated which represents the dissociation characteristics of
dsDNA during the process of denaturation (Figure D3(B)) whereby the presence of one peak represents
the amplification of a single, specific PCR product. Figure D3(C) shows a CD74 standard curve in
which R* = 0.996.
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Appendix D

Figure D4: A portion of CD44 was amplified by conventional PCR and used to make a standard curve
with standards ranging from 3x10° to 3x10* copies. Standards were tested resulting in the generation of
an amplification curve (Figure D4(A)) which indicates the order in which DNA is amplified to a
detectable level. A melting curve is also generated which represents the dissociation characteristics of
dsDNA during the process of denaturation (Figure D4(B)) whereby the presence of one peak represents
the amplification of a single, specific PCR product. Figure D4(C) shows a CD44 standard curve in which
R =0.995.
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Appendix E

Figure E: IL-8 standard curve ranging from 20ng/ml to0.02ng/ml. R®=0.997
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Crystal symmetry

Space group H3(2)
Unit cell dimensions (A) a,b=58.73; c= 183.97
Vm 2.33
% solvent 47.3

Overall QuterShell
Low resolution limit 49.03 1.92
High resolution limit 1.82 1.82
Wavelength
Rmerge 0.083 0.395
Total observations 117082 17090
Unique observations 11318 1615
I/o(1) 22.4 5.8
Completeness (%) 100.0 100.0
Multiplicity 10.3 10.6
Refinement
R (%) 19.3
Rfree (%) 23.1
Bond length r.m.s.d. from 0.008
ideality (A)
Bond angle r.m.s.d. from 1.066
ideality (deg)
Rmsd chiral 0.080
Average B factor (A%) 19.34
Ramachandran plot core (%) 91.1
Allowed (%) 8.9
Outlier (%) 0

Appendix F

Table F: Parameters for crystallisation studies.
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pH Xml 0.2M Na, HPO, Yml 0.2M NaH,PO,
5.8 4.0 46.0
6.0 6.15 43.85
6.2 9.25 40.75
6.4 13.25 36.75
6.6 18.75 31.25
6.8 245 255
7.0 30.5 195
7.2 36.0 14.0
7.4 40.5 9.5
7.6 43.5 6.5
7.8 45.75 4.25
8.0 47.35 2.65
Appendix G

Table G: Table used for the preparation of sodium phosphate buffers in tautomerase assays.
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